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INTRODUCTION 


In  support  of  Naval  Research  Laboratory  (NRL)  Contract  Number 
N000 1 4-88 -C- 2247 ,  GEO-CL  .ERS,  INC.  has  met  all  technical 
requirements  and  summarizes  results  in  this  report.  During  the 
period  of  performance.  May,  1*88  through  November,  1 789,  work  was 
carried  out  at  the  Naval  Research  Laboratory  in  the  Chemistry 
Division  and  the  Electronics  Technology  Division.  The  majority  of 
this  work  has  subsequently  been  the  subject  of  numerous 
publications,  reports  and  presentations  at  scientific  meetings. 
Work  was  also  carried  out  under  subcontract  with  Microsensor 
Systems,  Inc.,  Fairfax,  VA,  and  Locus,  Inc.,  Alexandria,  VA.  Their 
final  reports  are  submitted  under  separate  cover. 

The  individual  research  projects  in  which  GEO-CENTERS' 
technical  staff  members  have  been  involved  under  this  contract  can 
be  organized  into  five  (5)  general  areas,  which  are  described 
below.  More  detailed  discussions  relating  to  progress  and 
accomplishments,  as  well  as  listings  of  relevant  publications  an<*> 
presentations  are  included  in  the  body  of  this  report. 

(1)  Friction/Wear  Testing _ and _ Surface  Analysis .  Work  in  the 

Chemistry  Division  centered  on  studying  the  effects  caused  by 
chemistry  and  wear  debris  on  the  f riction/wcar  of  ion- implanted 
metals  and  ceramics,  and  the  friction/wear  of  solid  lubricating 
films.  The  f r let icn/wear  studies  of  ion-implanted  metals  and 
ceramics  included  titanium,  nitrogen,  nickel  and  neon  implanted  in 
stainless  and  hearing  steels  and  aluminum  and  titanium  implanted 
in  silicon  carbide  and  silicon  nitride.  The  friction/wear  studies 
of  solid  lubricating  films  included  films  of  molybdenum  disulfide 
and  diamond. 
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(2)  Air  Purification.  The  behavior  of  vapor  challenges  to  carbon 
filters  was  investigated.  Emphasis  was  centered  cn  predicting  the 
breakthrough  behavior  of  high  humidity  air  streams  (50  to  80%  RH ) 
on  activated  carbon  (8PL)  and  the  effect  of  relative  humidity  on 
the  breakthrough  of  chemical  challenges  on  ASC-TEDA  impregnated 
carbon . 

(3)  Chemical  Microsensors.  Various  aspects  of  testing  and 
analyzing  data  from  Surface  Acoustic  Wave  (SAW)  devices  were 
investigated.  Pattern  recognition  techniques  were  applied  and  used 
to  distinguish  and  characterize  single  or  combination  vapor 
challenges  to  SAW  device  arrays  containing  combinations  of 
different  selective  sorbent  coatings.  SAW  devices  were  used  to 
investigate  the  elastic  properties  and  transition  temperature  (T„, 
T? )  of  thin  polymer  films.  A  4-SAW  array  was  tested  aboard  a  Naval 
platform  under  field  conditions  to  compare  field  performance  with 
laboratory  performance.  Under  subcontract  with  Microsensor 
Systems,  a  program  to  investigate  SAW  device  characterization  and 
performance  was  carried  out.  The  contractor’s  report  and 
documentation  is  included  under  separate  cover. 

(4)  Interface  Modification  and  Analysis.  For  the  Electronics 
Technology  Division,  transmission  electron  microscopy  (TEM)  was 
used  to  characterize  defects  in  silicon/insulator'  interfaces  that 
ire  being  investigated  for  integrated  circuit  applications.  These 
defects  are  generated  during  epitaxial  growth,  ion  implantation 
and/or  materials  processing.  Specific  si  1  icon/ insulator  systems 
studied  Include  fill  iron  on  sapphire  (SOS)  and  germanium  on  sapphire 
(SOS).  The  use  of  a  silicon-germanium  layer  as  an  etch  stop  in  the 
bond  and  etch  back  process  was  also  examined. 

•  t 

For  the  Chemistry  Division,  programs  wore  modified  so  X-ray 
absorption  fine  structure  (EXAF3)  spectral  data  processing  could 
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be  performed  on  a  PC  rather  than  the  mainframe  computer  originally 
used  to  process  data. 


(5)  Solution  Kinetics  and  Mechanisms.  Intermodulation 
interference  ( IMI )  represents  a  serious  cause  of  communications 
problems  onboard  Navy  ship.-.  Under  subcontract  w ;  r  r.  Locus,  a 
program  to  investigate  IMI  effects  «as  carried  out.  Toe  results 
of  these  studies  are  briefly  discussed.  The  contractor's  report 
and  documentation  are  included  under  separate  cover. 

Electrochemically  active  transition  metal  complexes  are  useful 
for  catalytic  conversion  and/or  decomposition  of  dissolved  gases 
such  as  COj .  Electron  transfer  reactions  and  kinetics  were  studied 
for  metal-organic  complexes  in  solution.  Particular  emphasis  was 
placed  on  studying  the  electron  transfer  reactions  of  metal 
acetylacetonate  complexes. 
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FRICTION'/ WEAR  TESTING  AND  SURFACE  ANALYSIS 


I . 


The  friction  and  wear  properties  of  modified  tribological 
materials  are  being  studied  by  the  U.S.  Navy  to  allow  the 
development  of  bearing  assemblies  for  use  in  harsh  environments. 
Present  interests  have  concentrated  on  modifying  surfaces  by  ion- 
implantation  of  metals  and  ceramics  and  the  study  of  strong 
adhering  solid  lubricating  films. 

GEO-CENTERS,  INC.  has  been  involved  in  the  preparation, 
testing  and  evaluation  of  ion  modified  materials.  Also,  GEO¬ 
CENTERS  has  tested  and  analyzed  diamond,  titanium  nitride  and 
molybdenum-disulfide  solid  lubricating  coatings.  The  results  are 
summarized  in  this  section  and  the  details  are  found  in  the 
articles  in  the  Appendices. 

A.  The  Oxidation  and  I mp 1  a n t a t ion  of  Met als 

Three  separate  studies  in  this  area  were  performed: 

The  effects  of  oxidation  on  the  friction  and 
wear  of  52100  bearing  steel  (both  unimplanted 
and  implanted  with  titanium)  (1);  see  Appendix 
A  1  . 

How  wear  debris  affects  the  friction  of 
unimplanted  and  titanium  implanted  521C0 
bearing  steel  (2);  see  Appendix  A2. 

The  effects  of  implanted  nitrogen,  nickel  and 
noon  ions  on  the  wear  resistance  and 
mlnrostr urturn  of  .104  stainless  3teol  (3):  see 
Append  lx  A  ! . 

1.  The  friction  and  wear  behavior  and  the  composition  of 
oxidized  (at  temperatures  300  to  600®C )  titanium  implanted  52100 
bearing  steel  wcs  studied.  The  friction  of  the  oxidized  T.1‘  52100 
Increased  from  0.2  to  0.6;  whereas,  the  friction  of  unimplanted 
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and  Ti-implanted  52100  were  constant  at  0.6  and  0.3,  respectively. 
The  wear  of  the  oxidized  substrates  occurred  within  the  oxide  layer 
only.  The  wear  rate  showed  a  behavioral  dependence  on  oxide 
thickness . 


'-j 


A  ‘G  ^  2T  d  P.  3  i  y  3  1  3  t  f  1 E 

vr.ples  indicated  failure  at 

ompared  to  the  oxidized  and 
reater  than  1  pm  thick  on  Ti-im 


:ri.:<s  cn  the  oxidized 
t  r.  a  .  -  ■  -  c  x  i  i  ~  T  i  -  o  x d  ■_ 

:nimpianted  52100,  the 
planted  steel  buckled 


T  i  -  i  ."planted 
•  interface. 

cxida  films 
and  cracked. 


The  heat  treatment  not  only  oxidized  the  Ti-implanted  52100 
hearing  steel  but  also  fully  carburized  the  implanted  layer.  The 
carburization  phenomenon  was  caused  by  carbon  migrating  from  the 
bulk  substrate  at  temperatures  greater  than  400  ’C . 


Heating  and  oxidizing  Ti-implanted  52100  dees  not  improve  its 
frictional  behavior,  but  carburization  of  the  implanted  layer  may 
improve  wear  resistance  of  ?i -  implanted  tested  at  intermediate 
*  *- -- pe ratures  (  3 C 0  -  1 .,  C  )  . 

2  The  frictional  behavior  and  the  formation  of  debris  were 
examined  for  non  implanted,  Ti  -im.pl  anted,  7i  ♦<!- imp  1  anted  and  Tib 
coated  52100  bearing  steel .  Tests  were  performed  us  in  j  a  pin-on- 
dick  or  Bowd<  n-Lor,en  tester.  Correlations  ot  the  *  (« st  data  we:  e 
m  j  !e  between  debris  and  fr  it:*  ion. 


Ti.M  and  Auger  itudies  showed  that  wear  debris  consisted  mainly 
'  f  lion  oxides,  ti*  ml  um  oxides  w  i  •  h  s.-  .me  metallic;  iron.  who  tea  s , 

»  "  J  »  bji  •»  of  f  *•  Ot  a  i .  1  T  1  dev«»  |(>;  .-d  f  mm  7i-  t~p;  i:\te-d  sut  i  me-; : 

1  o  i  y  I  •’/),  was  ]  on  :>  t  implanted  5  2  10  0.  I  .'hr  i  -s  roj  j  hoi  ;y 

'•‘■'’mi'll  highly  <ie{  or. dent  on  Implantation  condlt  lorei. 
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Low  friction  coefficients,  exhibited  by  Ti-  and  Ti+C-implanted 
and  TiC  coated  52100,  were  associated  with  very  thin  flake  debris. 
The  r.onimplanted  and  oxidized  implanted  substrates  formed  spherical 
debris  particles  and  had  high  friction  coefficients. 

The  friction  u:.d  wear  behavior  was  successfully  related  to  the 
debris  chemistry,  the  adhesion  cf  the  debris  to  the  surface  and  the 
tribomechanical  behavior  of  surface  layers. 

3.  Tne  wear  resistance  cf  implanted  AISI-304  was  studied. 

Various  ions  ( S' ,  h'i*  or  Ne‘ )  were  implanted  at  2xl01’/cm*  dose.  The 

implanted  samples  wore  20%  to  40t  less  than  nonimplanted  AISI-304. 

Auger  analysis  of  the  implanted  surfaces  showed: 

the  N'-implanted  layer  has  a  Gaussian-like 
profile  with  enhanced  oxidation  of  the  surface; 

the  Ni-implanted  layer  has  a  sputter-limited 
implantation  profile  (due  to  sputter  removal) 
and  some  vacuum  carburization; 

the  Ne- implanted  layer  profile  was  also 
Gaussian- like . 

Transmission  electron  microscopy  showed  that  the  initial 
surface  preparation  produced  a  martensite  layer  in  the  AISI-304 
(mainly  austenitic).  Implantation  of  nitrogen  changed  the 
martensite  into  austenite  at  tno  surface  with  an  iron-nitride  layer 
beneath.  The  nitrogen  also  prevented  the  austenite  to  martensite 
wear  transformation. 


The  r.irtcnnltfl  layer  was  sputtered  away  during  nickel 
Ir.pj  ant  at  ion.  The  n«  >r.  implanted  region  remained  predominant  ly 
mar t ens 1 te . 

The  changes  in  wear  rates  and  .xlcroatructure  were  limited  to 
depth*  commensurate  with  the  ion  range  in  the  Implanted  layer. 

b 
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Varying  microstructure  of  the  implanted  layers  limits  the 
possibility  of  a  specific  implantation-induced  phase  caused  by  the 
decrease  in  abrasion  resistance.  Therefore,  the  reduced  wear  rates 
-ay  be  due  to  a  decrease  in  ductility  of  the  AISI-3C4  caused  by 
..•planted  solutes  and  irradiation  defects. 


The  solute  redistribution  of  aluminum  and  titanium  implanted 
at  high  fluences  and  high  temperatures  into  silicon  carbide  and 
silicon  nitride  was  studied.  Ternary  phase  diagrams  were 
calculated  that  were  designed  to  predict  complicated  compositions 
from  high  temperature  implantation  ar.d  ion  mixing  of  metals  in 
•eiamics  (4),  see  Appendix  A4. 

Polished  commercial  si  1  icon  nitride  and  silicon  carbide  were 
.  ";d  mtnd  with  titanium  (110  keV  i  a^d  aluminum  (110  keV)  at  a 
t  1  uonco  of  4x10'’  ions/cm'  ,  in  both  room  and  *  ICG  C  (hot) 

*  >■- poraturos .  X-r  ay  phot.oeioctron  spectroscopy  (  XPS  ) .  scanning 
■  ■I’!  f  i  on  m  i  c :  oscrp.y  and  energy-dispersive  X-ray  an  \  lysis  were 
*•  • ;  1  yed  To  investigate  near  surface  composition. 

The  hot  Al  -  implanted  OiC  had  suhmlcron-s  i  r.e  spherical 
;  i :  *  ;  c  ]  «•  -  j ,  c,  rrjosed  mostly  of  Al,  distributed  uniformly  over  the 

rate  (  from  :>:  *■*  and  IPX).  XPO  profiles  of  hot  and  room 

*  •  "r  erature  Al-  l -plant  >i  g  1 C  are  quite  different.  The  hot.  implant, 

if  *  r  **t  i;h  i  n*j  of  Al  .pf  ei  *»** ,  had  a  uniform  Al  concent  rat.  ton  of  I’M 
to  run  depth.  The  room  temperature  implant  profile  was 

'  1  i  ,  vt  1  an  -  1  1  k<»  with  a  jeiK  ronoentrat  i  on  of  404  at  1)0  nm .  In 

•  *j  e.t,  ti.e  Al  ,  i  ,  u  had  imar  1  y  Gausoi  (  rot'  i  les  for 

•  h  >  ’  mi  i  ■  .  -  ’  •  •  ;  •  o  a  *  1 1  <  •  ■  i  . 
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The  hot  Ti-implanted  profile  in  SiC  is  Gaussian-like;  whereas, 
the  hot  implant  profile  in  Si3N4  showed  migration  of  Si  to  the 
surface  with  TiN  formation  at  two  depths. 

Ternary  phase  diagrams  were  developed  from  thermochemical  data 
for  binary  compounds.  These  ternary  phase  diagrams  were  more 
reliable  than  the  enthalpy  rule  for  predicting  ion  mixing  of  metal- 
insulator  pairs. 

C.  Solid  Films  Deposited  on  Metal  and  Ceramics 
Two  topics  of  interest  were  explored: 

comparison  of  ion  beam  assisted  to  reactive 
magnetron  sputtered  deposition; 

behavior  of  solid  lubricating  films 
(molybdenum-disulfide  and  diamond/diamond-like 
carbon ) . 

1.  Ion  Beam  Assisted  Deposition.  Reactive  magnetron  sputtered 
(RS)  and  ion  beam  assisted  (IBAD)  titanium  nitride  films  were 
investigated  (5),  see  Appendix  A5.  Surface  composition,  adhesion, 
and  fric-tion/wear  were  examined.  IBAD  TiN  films  were  softer  and 
less  abrasion  resistant  than  RS  TiN  films.  IBAD  films  adhered  to 
both  steel  and  ceramic  substrates  well.  Also,  IBAD  films  decreased 
the  friction  coefficient  by  a  factor  of  three. 

2.  Solid  Lubricating  Films.  Test  equipment  had  to  be  developed 
before  friction  and  wear  analyses  of  the  solid  lubricating  films 
could  be  performed.  GEO-CENTERS  modified  and  automated/compu¬ 
terized  the  present  generation  of  tribotesters  (both  data 
acquisition  and  control).  The  enhancements  to  the  testers  included 
writing  software  (plotting  and  control/input)  and  the  design  of 
systems  that  integrated  electronic  switches,  electronic  devices  and 
environmental  control  chambers. 
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a.  Molybdenum- Pi sulf ide.  The  molybdenum-disulfide  research 
can  be  divided  into  three  parts: 

SDIO  Tribomaterials  group  round- 
robin  testing  for  ultra-low 
friction,  high  endurance  films; 

reproducing  Kuwano  and  Nagai’s 
results  (1986)  for  dual  layer  MoS2 
films; 

modeling  of  the  load  dependency  of 
MoSj . 

SDIO  Tribomaterial ’ s  round-robin  program  was  to  test  three 
differing  methods  for  depositing  MoS2  (Table  1).  A  series  of  MoS2 
specimens  from  each  company  were  supplied  to  the  test  locations 
(each  location  using  its  own  test)  (Table  2).  Film  friction  and 
endurance  were  measured.  The  film  with  best  overall  performance 
would  determine  the  film  standard  used  for  SDI  program. 

The  SDIO  Tribomaterial  program  was  further  divided  into  two 
phases.  Phase  I  studied  the  effects  of  thickness  on  friction  and 
endurance.  Phase  II  examined  the  role  of  storage  time  on  friction 
and  endurance  (note  ail  films  were  of  the  same  thickness  and  had 
experienced  similar  storage  conditions  and  time). 

The  data  are  still  being  collected  and  analyzed.  The  testing 
summary  and  overall  SDIO  Tribomaterial  program  summary/film 
handbook  is  being  compiled. 
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TABLE  1 .  Films  Involved  in  SDIO  Tribomaterial  Program 


DEPOSITION  LOCATION 

National  Centre  of  Tribology 
Risley,  UK 

Hohman  Plating 
Dayton,  OH 

Aerospace,  Los  Angeles,  CA 


FILM  AND  DEPOSITION  METHOD 

MoS2  ( rf  magnetron 
sputtered ) 

MoS2:Ni  (dc  triode 
sputtered ) 

MoS2  (rf  diode  sputtered) 


TABLE  2.  SDIO  Tribotesting  Locations 


TESTING  LOCATION 
NCT,  Risley,  UK 

Hohman  Plating,  Dayton,  OH 

Aerospace,  Los  Angeles,  CA 

Naval  Research  Laboratory 
Washington,  DC 


TESTER  USED 

Pin-on-disk  (three  ball) 
in  vacuum 

A-6  tester  in  air  and 
vacuum 

Flat-on-flat  (dry 
nitrogen) 

4-ball  tester  in  dry  and 
ambient  air;  A-6  tester  in 
ambient  air;  pin-on-disk 
(one  ball)  in  dry  air 
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One  segment  of  the  present  program  was  to  reproduce  Kuwano 
and  Nagai ' s  dual  layer  MoS2  film  results.  The  program  involved  the 
deposition  and  testing  of  dual  layer  films  formed  using  NRL's  new 
dual  ion-assisted  deposition  system  (DIAD). 

These  01 AD  films  are  expected,  from  Kuwano ' s  data,  to  yield 
friction  values  less  than  0.01  with  long  endurance  in  Loth  low  and 
high  humidities.  The  DIAD  films  (MoS2  with  a  hard  interlayer 
material)  have  been  deposited  on  metal  and  ceramic  materials  at 
thin  film  thicknesses  (£  1  pm). 

Preliminary  results  indicate  very  good  friction  (5  0.02)  and 
endurance  for  NRL  DIAD  films  on  steel,  sapphire  and  silicon 
carbide. 

Based  on  data  collected  from  a  literature  search,  MoS2 
exhibits  a  frictional  load  dependency  (contrary  to  Amonton's  Law). 
From  an  analysis  cf  the  literature  data,  a  theoretical  model  for 
the  friction  load  dependency  was  developed  that  had  the  form: 

p  o  Sa/L*  ♦  a. 

where  p  ■  friction  coefficient,  S„  ■  film  sheer  strength,  L  - 
normal  load,  p  is  dependent  on  test  geometry,  and  a  is  a  constant. 
The  literature  data  and  the  load  dependency  model  were  presented 
at  the  1988  Gordon  Tribology  Conference  (6),  see  Appendix  A6. 

Additional  data  have  been  collected  for  MoS2:Ni  films  supplied 
by  Hohman  Plating  (Dayton,  OH).  The  final  results  are  to  be 
presented  later. 

b.  Diamond  Films.  Diamond  promises  to  be  an  excellent 
tribological  coating,  especially  in  corrosive  environments  and  in 
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applications  where  liquid  lubricants  cannot  be  used.  Current 
chemical  vapor  deposition  (CVD)  techniques  tend  to  produce 
coatings  with  an  appreciable  amount  of  non-diamond  material 
(graphite,  etc.),  and  relatively  rough  surfaces  (typically  Ra  » 
0.1  pm).  The  consequences  of  this  on  the  tribological  behavior 
have  been  investigated  (7),  see  Appendix  A7. 

The  coatings  generally  have  a  higher  friction  coefficient 
than  natural  diamond.  This  decreases  with  continued  sliding  to  a 
steady  value  (0.1  -  0.2)  by  a  "run-in"  process.  The  "run-in"  can 
be  artificially  performed  before  the  tests  by  mechanical 
polishing.  When  this  is  accomplished,  the  coatings  maintain  a 
steady  friction  value  from  the  outset  of  the  tests. 

The  coatings  are  relatively  rough,  leading  to  high  wear  rates 
of  materials  in  contact  with  them,  including  the  diamond  stylj 
used  in  the  majority  of  the  GEO-CENTERS  tests.  The  wear  can  be 
reduced  by  polishing  or  by  altering  the  coating  growth  conditions. 

The  coatings  contain  an  appreciable  quantity  of  non-diamond 
material.  Tests  have  shown  that  coatings  with  large  amounts  of 
graphite,  etc.,  have  higher  friction  coefficients  than  their 
counterparts  without  non-diamond  material. 

Experiments  have  been  performed  on  coatings  grown  by  the 
oxyacetylene  torch  method  (grown  by  TA&T  personnel).  These 
contain  large  quantities  of  non-diamond  material,  and  are  very 
non-uniform.  Again,  the  composition  with  the  greatest  proportion 
of  diamond  yields  the  lowest  friction  coefficient. 

Coating  surfaces  have  also  been  covered  with  long-chain 
organic  acid  which  reduces  the  friction  coefficient.  Chemical 
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alteration  of  the  diamond  coating's  surface  should  enable  low 
friction  coefficients  to  be  achieved  without  resorting  to  the 
organic  acid. 
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II.  AIR  PURIFICATION 


Water  vapor  is  present  in  all  Naval  environments  involving 
platforms  at  sea.  The  quantity  of  water  vapor  in  the  air  varies 
as  a  function  of  temperature.  This  important  fact  is  reflected  In 
the  ever-changing  water  vapor  concentration  as  a  function  of 
geographical  location  of  the  ship,  time  of  day/night  and  season. 
Reported  here  is  the  development  of  an  approach  to  predict  the 
dynamic  behavior  of  water  vapor  on  an  activated  carbon  adsorbent. 
A  heat  balance  has  been  included  to  account  for  behavior  in  high 
relative  humidity  environments.  Two  mathematical  models  were 
developed  to  predict  and/or  analyse  the  experimental  results. 
These  two  models  use  either  a  non-isothermal  stage  model  with  a 
fluid  phase  mass  transfer  resistance  or  an  adiabatic  equilibrium 
theory  model.  Water  vapor  isotherms  were  measured  for  BPL  carbon 
at  three  temperatures  and  breakthrough  experiments  were  performed 
at  two  relative  humidities  and  two  bed  conditions.  The  three  types 
of  waves  (e.g.,  gradual,  abrupt  or  constant  pattern  and  combined) 
that  can  be  formed  in  and  passed  through  an  adsorption  bed  were 
demonstrated  both  mathematically  and  experimentally.  The  stage 
model  seemed  to  fairly  represent  the  breakthrough  using  equilibrium 
data  and  a  priori  calculated  rate  parameters.  Equilibrium  theory 
allowed  the  exact  nature  of  the  transitions  to  be  explored.  The 
inability  of  equilibrium  theory  to  be  used  with  heat  and  mass 
transfer  resistances  leads  to  some  discrepancy  between  thi3  method 
and  the  experimental  results.  The  details  of  the  development  of 
the  two  models  and  the  correlation  with  the  experimental  results 
are  given  in  Appendix  Bl. 

The  effect  of  relative  humidity  on  the  breakthrough  behavior 
of  a  particular  vcapor  challenge  on  AUC-TEDA  carbon  was  examined  for 
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a  classified  application.  The  cover  sheet  of  the  report  and  the 
Table  of  Contents  are  included  in  Appendix  B2. 


III.  CHEMICAL  MICROSENSORS 

Surface  Acoustic  Wave  (SAW)  detectors  show  great  potential  as 
microsensors,  which  are  low  power,  low  cost,  rapid  and  sensitive 
response  and  small  size.  These  sensors  are  being  investigated  for 
the  detection  of  and/or  discrimination  among  hazardous,  noxious  and 
toxic  vapors  and  liquids.  Applications  include  their  use  as 
personnel  safety  and  area  monitors.  The  work  on  this  task  has 
emphasized  the  development  of  signal/data  processing  software  for 
interpretation  of  results,  the  investigation  of  elastic  properties 
of  thin  polymer  films  using  SAW  devices  and  the  field  evaluation 
of  SAW  sensor  array  performance. 

A .  Si gnal/Data  Processing  Software 

Ten  SAW  devices  were  each  coated  with  one  of  ten  polymer 
materials  which  were  designed  to  interact  with  different  vapor 
properties.  The  ten  different  coated  sensors  were  exposed  to  nine 
different  individual  vapors  and  two-component  mixtures  consisting 
of  combinations  of  five  of  the  individual  vapors  with  other  test 
vapors  (eg.  33  different  two  component  mixtures).  The  resulting 
data  matrix  was  examined  using  pattern  recognition  techniques.  The 
responses  of  four  of  the  coatings,  common  to  a  previous  study,  to 
the  single  vapors  were  used  as  a  prediction  set  to  test  the 
classification  capacity  of  the  linear  discriminant  previously 
developed.  All  of  the  vapors  were  correctly  identified  except 
water.  Principal  components  analysis  and  clustering  methods  were 
applied  to  the  responses  of  the  coatings  to  all  the  vapors, 
including  mixtures.  The  individual  vapor  responses  cluster  into 
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specific  regions  in  space,  and  the  Mixtures  lie  in  the  areas 
between  the  clusters.  Supervised  learning  techniques  were  used  to 
reduce  to  eight  the  number  of  sensors  necessary  to  identify  the 
hazardous  vapors  in  the  presence  of  mixtures.  Details  of  the  data 
acquisition  and  data  reduction  and  processing  methods  are  found  in 
the  article  by  Rcse-Pehrrson,  Grate,  Bailantine  and  Jurs  in 
Appendix  Cl. 

B.  Elastic  Properties  of  Thin  Polymer  Films 

The  responses  of  thin  polymer  film  coatings  on  SAW  devices 
have  been  used  to  investigate  the  changes  in  the  elastic  properties 
of  the  coating  materials.  The  preliminary  data  indicate  that  the 
observed  glass  transition  temperatures  (T9)  of  several  of  the  thin 
polymer  films  ie.g.,  f luoropo.lyol ,  poly( ethylene  maleate),  ethyl 
cellulose  and  poly( caprolactone ) )  on  the  surface  of  the  SAW  devices 
were  increased  by  50-60°C  relative  to  T?  results  reported  for 
methods  such  as  differential  scanning  calorimetry  (DSC).  These 
results  demonstrate  the  sensitivity  of  the  SAW  device  to  the 
elastic  properties  of  polymer  coatings.  Parameters  and  effects 
that  can  be  studied  using  the  SAW  are  thermal  expansion 
coefficients,  glass  transition  temperatures  (T, ),  melting 
temperatures  ( T„ ) ,  thermal  activation  energies,  elastic  moduli  and 
plasticization  effects.  Details  of  the  investigation  of  elastic 
property  effects  are  found  in  the  report  by  Bailantine  and  Wohltjen 
in  Appendix  C2. 

C .  Field  Evaluation  of  SAW  Sensor  Performance 

Field  tests  have  been  conducted  to  evaluate  the  performance 
of  SAW  devices  under  shipboard  conditions  and  veri f y/compare  the 
field  results  with  results  obtained  in  the  laboratory.  The  field 
testa  were  performed  onboard  the  ex-USS  Shadwell,  a  decommissioned 
Navy  LSD,  moored  at  Little  Sand  Island  in  Mobile  Bay,  Alabama.  The 
SAW  field  tests  were  performed  concurrent  with  simulant  dispersal 
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tests.  The  simulant  used  in  the  tests  was  diethyl  malonate  (DEM). 
The  SAW  package  tested  was  a  4-SAW  array  each  containing  a 
different  coating  (i.e.  f luoropolyol,  ethyl  cellulose, 
poly ( Isobutylene )  and  a  soluble  extract  of  TENAX-GC).  The 
dispersal  tests  were  monitored  using  Miniature  Infra-Red  Analyzers 
(MIRAN)  that  sense  a  minimum  detectable  concentration  of  0.05  ppm. 
The  fluoropolyol  sensor  gave  the  best  response  to  the  DEM 
challenge.  The  performance  of  the  4-SAW  array  during  field  tests 
closely  matched  the  performance  under  laboratory  conditions. 
Details  of  the  field  tests  and  the  data  reduction  and  comparison 
process  are  found  in  the  report  by  Ballantine,  Wohltjen,  Thomas  and 
Venezky  in  Appendix  C3. 


IV.  INTERFACE  MODIFICATION  AND  ANALYSIS 


The  Navy  is  vitally  interested  in  utilizing  integrated  circuit 
technology  that  employs  a  thin  (500  nm  or  less)  silicon  layer 
supported  by  an  insulator  layer  or  substrate.  The  advantage  to 
this  approach  is  tne  potential  to  Isolate  each  electronic  device 
from  adjacent  devices  as  well  as  from  radiation- induced  charging 
of  the  substrate.  Since  defects  are  generated  during  material 
growth  and/or  processing,  the  nature  of  the  defects  must  be 
identified  and  characterized.  The  transmission  electron  microscope 
( TEM ;  is  a  useful  tool  for  studying  defects  at  the  silicon/in¬ 
sulator  interface.  GEO-CENTERS  ha3  used  the  TEM  to  study  this 
interface  for  silicon  on  sapphire,  germanium  on  sapphire  and  the 
bor'd  and  etch  back  process. 


X-ray  absorption  fine  .structure  (EXAFS)  spectroscopy  is  used 
to  examine  thin  metal  films  on  substrates.  The  acquired  X-ray 
absorption  data  has  normally  been  processed  using  mainframe 
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computers.  The  availability  of  PCs  allows  the  examination  of  these 
computer  systems  to  be  used  to  analyze  EXAFS  data.  GEO-CENTERS  has 
converted  and/or  modified  EXAP'S  data  processing  and  analysis 
algorithms  so  they  can  be  employed  with  a  PC. 

A .  Interface  Characterizati o n  of  Silicon  on  Insu 1 ator  Substra te s 

Silicon  on  insulator  (SOI)  substrates  are  in  use  for  the 
fabrication  of  devices  that  are  high  speed,  resistant  to  latch  up, 
and  radiation  hard.  The  performance  of  these  devices  is  strongly 
influenced  by  the  nature  of  the  silicon/insulator  interface. 
Carrier  densities,  carrier  mobilities,  defect  nucleation,  and 
epitaxial  relationships  are  all  effected  by  the  structure  of  the 
silicon/insulator  interface.  GEO-CENTERS’  scientists  have  used 
their  expertise  in  the  structure  and  chemistry  of  interfaces  in 
order  to  characterize  these  interface  effects  and  to  develop  new 
strategies  for  reducing  some  of  the  potentially  deleterious  effects 
of  heteroepitaxial  interfaces  on  device  performance. 

One  extremely  useful  technique  for  studying  interfaces  is 
transmission  electron  microscopy  (TEM).  Using  the  ability  of  the 
TF.M  to  image  the  crystallograpnic  details  of  interfaces  and  defects 
on  a  subnancmeter  scale,  GEO-CENTERS’  scientists  have  made 
significant  progress  in  understanding  and  controlling  crystalline 
defects  associated  with  the  silicon/insulator  interface. 

1.  Silicon  on _ Sapphire _ ^SOS_) .  Since  the  inception  of 

silicon  on  sapphire  (SOS)  technology,  a  number  of  investigations 
have  pursued  the  deposition  of  the  silicon  epilnyer  by  vapor 
deposition.  Only  a  limited  number  of  those  have  used  molecular 
beam  epitaxy  ( MBE )  afj  the  mode  of  vapor  deposition  in  SOS.  In 
addition,  little  attention  has  been  paid  to  the  analysis  of  the 
microstructural  defects,  crystallinity,  and  the  crystalline  quel ity 
of  the  resulting  silicon  epllayor.  In  collaboration  with  the  NRL 
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Silicon  MBE  effort,  GEO-CENTERS'  scientists  have  explored  this  new 
approach  to  the  growth  of  SOS. 

The  most  familiar  technique  for  growing  SOS  is  chemical  vapor 
deposition  ( CVD ) ;  the  epitaxial  silicon  grown  on  sapphire  via  CVD 
contains  a  large  volume  fraction  of  microtwins  (1-4%).  One  of  the 
most  important  measures  of  microtwins  in  SOS,  the  distribution  of 
microtwins  as  a  function  of  the  distance  from  the  siiicon/sapphire 
interface,  had  not  been  accurately  quantified  prior  to  our 
efforts.  GEO-CENTERS  and  NFL  scientists  had  developed  a  new 
method,  based  on  TEM,  for  determining  the  volume  fraction  of 
microtwin3  as  a  function  of  distance  from  the  silicon/sapphire 
interface  (1),  see  Appendix  Dl.  Using  this  new  technique,  we  have 
succeeded  in  defining  some  of  the  differences  between  MBE-grown  and 
CVD -grown  SOS.  In  MBE  SOS  the  volume  fraction  of  microtwins  falls 
off  very  quickly  with  the  distance  from  the  interface,  whereas  in 
CVD  SOS,  the  volume  fraction  falls  off  much  less  rapidly  with 
distance.  We  have  also  found  that  microtwins  are  more  stable  in 
CVD  3CS  than  in  MBE  SOS  (2.3),  see  Appendices  D2,  D3 .  It  is  our 
conjecture  that  the  less  3teep  volume  fraction  profile  contributes 
to  microt.wln  stability  in  CVD  SOS. 

Our  determination  of  the  volume  fraction  profile  in  SOS  has 
also  contributed  to  the  understanding  of  the  silicon/sapphire 
Interface.  From  the  volume  fraction  profile,  we  have  shown  how  to 
calculate  the  amount  of  strain  relief  that  can  be  ascribed  to 
micotwins.  The  most  closely  matched  spacings  at  the  interface 
differ  by  10%,  which  dwarf  3  the  figure  of  0.7%  that  wo  have 
<  nl< ulated  for  the  maximum  strain  relief  attributable  to  microtwins 
(4),  see  Appendix  D4 .  Therefore,  these  large  strains  must  be 
accommodated  by  a  different  defect  network  at  the  interface,  such 
as  a  dislocation  network.  Wo  are  currently  U9ing  TKM  to  uncover 
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the  structure  of  ouch  a  network,  and  in  so  doing  arrive  at  a  better 
understanding  of  the  electronic  properties  of  the  interface. 

Jt  is  clear  from  our  study  that  the  defect  structure  of  MBE 
SOS  is  very  different  from  that  of  CVb  SOs.  It  appears  that 
dislocations  in  the  silicon  epilayer  are  more  prevalent  in  MBE  SOS 
than  in  CVD  SOS  (5),  see  Appendix  D5.  The  difference  in  the  defect 
distributions  between  these  two  different  materials  may  have  a 
profound  effect  on  the  electrical  properties  of  these  two 
materials.  Indeed,  preliminary  Hall  measurements  indicate  that  MBE 
SOS  has  greater  carrier  mobility  than  CVD  SOS  (6).  see  Appendix 
D6 .  A  higher  mobility  is,  of  course,  a  desirable  parameter  in  an 
electronic  material. 

2.  Germanium  on  Sapphire  ( GOS  ) .  The  growth  of  SOS,  at  least 
by  CVD,  is  well  established  and  has  played  an  important  role  in 
semiconductor  applications.  Although  the  growth  of  germanium  on 
sapphire  has  been  reported  in  the  past,  details  regarding  the 
orientation  and  quality  of  the  film  were  completely  lacking.  GEO¬ 
CENTERS  and  NRL  scientists,  however,  have  successfully  developed 
and  characterized  single  crystal,  MBE-grown  germanium  on  sapphire. 
The  single  crystal  nature  of  the  film  has  been  confirmed  by  both 
TEM  and  X-ray  diffraction  observations.  In  addition.  X-ray 
diffraction  measurements  indicate  that  germanium  epitaxial  layer 
in  GOS  is  remarkably  unstrained  (7),  see  Appendix  D7 . 

3.  Pond  and  Etch  Back.  y.  have  already  indicated  that  one 
of  the  challenges  in  growing  S03  for  electronic  devico  applications 
is  in  the  control  of  crystalline  defects.  There  is,  however,  an 
intrinsic  problem  in  the  control  of  defects  in  a  heteroepitaxial 
s/stem  such  as  silicon  on  sapphire.  Due  to  the  great  difference 
between  the  substrate  and  the  epilayer,  layer  by  layer  growth  is 
not  possible.  Indeed,  equilibrium  thermodynamics  dictates  that 
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island  growth  must  be  favored  over  layer  by  layer  growth.  A.  number 
of  studies  indicate  that  microtwin  and  dislocation  nucieation  can 
be  ultimately  traced  to  islanding  acting  as  the  predominant  growth 
mode.  Given  these  problems  associated  with  the  heteroepitaxial 
growth  strategies  such  as  SCS  and  CCS,  one  is  tempted  to  consider 
other  approaches  to  achieving  good  silicon  on  insulator  growth. 

One  process  that  does  not  rely  on  heteroepitaxial  growth  is 
that  of  SIMOX  (Silicon  IMpianted  with  OXygen).  This  material  is 
fabricated  by  oxygen  implantation  and  annealing  to  generate  a 
buried  oxide.  Although  SIMOX  is  a  promising  technology,  threading 
dislocations  generated  by  the  implantation  in  the  active  device 
region  limit  the  performance  of  the  material.  In  addition,  the 
buried  oxide  i3  of  poor  quality  and  results  in  back  channel 
leakage . 

Bend  and  etch  back  technology  as  an  alternative  to  SIMOX  for 
SOI  ha3  the  advantage  of  a  cleaner  oxide/silicon  interface  at  the 
buried  oxide.  This  material  is  generated  by  oxidizing  two  silicon 
wafers,  followed  by  hording  the  two  wafers.  The  active  device 
region  is  exposed  on  one  of  the  wafers  by  precision  machining  and 
cjtchlng  to  the  desired  film  thickness.  Although  this  technology 
is  suitable  for  the  fabrication  of  a  600  nm  thick  silicon  layer, 
the  presence  of  an  etch  stop  is  essential  to  fabricating  SOI  wafers 
with  a  silicon  film  thickness  of  250  nm  or  less.  Heavily  doped 
boron  regions,  placed  by  diffusion  or  implantation  into  the 
silicon,  have  been  reported  to  make  an  effective  etch  stop, 
although  not  without  the  generation  of  threading  dislocations  in 
the  device  regie >.  In  addition,  both  diffusion  and  implantation 
result  in  residual  p-doping.  \  potential  solution  to  these 
problems  is  through  the  u«o  of  an  as-grown  silicon-germanium  alloy 
strained  layer  a3  an  etch  stop.  Indeed,  we  have  recently  shown 
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that  a  silicon-germanium  layer  functions  very  well  as  an  etch  stop 
for  the  bond  and  etch  back  process  (8),  see  Appendix  D8. 

GEO-CENTERS  contributed  to  this  program  via  a  TEM-based  study 
of  the  silicon-germanium  etch  stop.  In  our  analysis  of  the  etch 
stop,  we  observed  that  the  generation  of  dislocations  was  confined 
to  the  50  nm  thick  strained  layer.  We  were  not  able  to  observe  any 
dislocations  generated  in  the  silicon  cap.  This  is  an  especially 
important  observation,  since  this  silicon  cap  will  ultimately 
become  the  surface  layer  (and  therefore  the  device  region)  of  the 
bond  and  etch  back  material. 
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EXAFS  spectral  data  processing  has  normally  been  performed 
using  mainframe  computers.  The  advent  of  fully  32-bit  25MHz  PCs 
with  4  megabytes  of  core  memory  and  more  allov/s  for  down-loading 
of  long  Fortran  codes  (5000  lines  and  more  of  code).  The  EXAFS 
mainframe  data  procassing/plotting/analysis  program  was  modified 
to  operate  on  an  American  "micro" -Frame  Technologies  PC  using  the 
Lahey  F771-EM/32  Fortran  compiler  (ANSI-77  standard)  and  HGRAPH 
plotting  software. 

Modifying  the  mainframe  EXAFS  Fortran  code  to  run  on  a  PC 
proceeded  in  three  steps:  1)  recompiling  the  mainframe  Fortran 
EXAFS  code  using  the  Lahey  F771-EM32  Fortran  compiler;  2)  acquiring 
Fortran  for  several  IMSL  subroutines;  and,  3)  replacing  all 
graphics  commands  in  the  plotting  subroutines. 

Recompiling  the  mainframe  EXAFS  program  was  a  simple  task 
because  of  the  Lahey  PC  compiler.  The  original  program  was  written 
for  a  VAX  700  series  computer.  The  programmers  did  not  stray  from 
the  ANSI-77  standard  into  VAX  specific  commands  with  the  exception 
of  three  options  related  to  file  open  and  close  statements.  The 
incorrect  Fortran  statements  were  presented  on  the  screen  by  the 
compiler  during  the  first  attempt  to  recompile.  Simply  changing 
DISP  to  STATUS  in  close  commands  and  removing  ORGANIZATION  * 
'RELATIVE'  and  REC0RDTYPE  •  'FTXED'  from  the  open  commands  allowed 
the  program  to  compile  without  error.  A  fourth  problem  was 
encountered  when  the  three  (EXAFS  code,  IMSL,  and  Graphics)  parts 
of  the  code  were  linked  to  create  an  executable  module.  When 
writing  format  statements  for  the  VAX,  one  may  use  as  a  spacer 
either  X  or  IX.  The  Lahey  compiler/linker  package  requires  the  use 
of  IX. 
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Before  linking  the  compiled  PC  code  we  needed  Fortran  code  for 
several  IMSL  subroutines  required  by  the  EXAFS  program.  Fortran 
code  was  extracted  from  a  1982  version  of  the  IMSL  library  stored 
on  a  VAX  at  NRL  and  available  for  public  use.  A  list  of  the 
required  programs  appears  in  Table  1.  The  IMSL  Fortran  code 
compiled  errors  in  the  UERSET,  UERTST,  UGETIO,  and  USPKD 
subroutines.  The  errors  related  to  use  of  character  strings  in 
ways  which  the  Lahey  compiler  could  not  process.  It  was  determined 
that  the  tasks  these  subroutines  performed  were  unnecessary  and 
could  be  eliminated.  These  programs  performed  internal  IMSL 
"bookkeeping"  that  in  no  way  affected  the  computations  provided  by 
the  required  IMSL  subroutines. 

Table  1 .  Required  IMSL  Subroutines 

ICSSCU. FOR; 1  LUREFN. FOR; 1 

LEQT1P. FOR; 1  UERSET. FOR; 1 

LEQT2F. FOR; 1  UERTST. FOR; 1 

LINV2F. FOR; 1  UGETI0.F0R;1 

LUDATN. FOR; 1  USPKD. FOR; 1 

LUDECP . FOR ; 1  VCVTSF . FOR ; 1 

LUELMN. FOR; 1  VXAAD.F0R;1 

LUELMP . FOR ; 1  VXMUL.F0R;1 

VXSTO. FOR; 1 

The  changes  to  the  graphics  associated  with  EXAFS  code  were 
dictated  by  the  Lahey  compiler/linker  package.  At  the  beginning 
of  this  project.  Heartland  Software,  Inc.  provided  the  only  second 
party  graphics  software  compatible  with  Lahey ' s  EM/32  system.  The 
modification  to  the  plotting  routines  was  extensive.  We  started 
with  a  working  knowledge  of  the  plots  which  could  be  generated  by 
the  mainframe  program.  Five  examples  of  plots  used  in  the 
determination  of  the  final  chi  plot  for  the  EXAFS  program  are  shown 
in  Figures  1-5.  These  figures  were  generated  by  the  new  PC  version 
of  the  EXAFS  program.  Figures  6  and  7  are  examples  of  plots  from 
the  original  mainframe  program  as  presented  on  a  Tektronics  4014 
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screen  or  from  Tektronics  PC  emulator,  respectively.  The  essential 
information  presented  in  Figures  6  and  7  can  be  compared  to  that 
in  Figure  4. 


The  original  graphics  code  was  separated  into  two  parts:  1) 
code  which  determined  labels  and  axis  max  and  min  ranges,  etc.  ,  and 
2)  any  code  which  was  dependent  on  GINO  mainframe  graphics  object 
library.  The  latter  code  was  completely  removed  and  replaced  by 
graphics  calls  provided  by  Heartland's  HGRAPH  software.  HGRAPH 
documentation  allowed  easy  reconstruction  of  all  on-line  graphics. 
The  command  GRAPHBOUNDARY  (2000,  8000,  1000,  5200)  creates  the  box 
around  the  graph  within  the  bounds  of  the  HGRAPH  "screen".  SCALE 
(XMIN,  XMAX,  YMIN,  YMAX )  (note  the  use  of  variables  from  mainframe 
code)  determined  the  X  and  Y  range  of  the  data.  Each  of  the 
commands  required  has  a  sensible  name  and  can  be  easily 
incorporated  into  a  Fortran  plotting  subroutine.  Appendix  El 
includes  a  copy  of  each  of  the  subroutines  as  written  to  operate 
in  the  PC  environment  using  the  HGRAPH  software.  An  example  of  the 
mainframe  code  is  included  as  Appendix  E2  for  comparison. 
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FIGURE  1 :  Experimental  EXAFS  data  and  background 
extrapolation  from  the  pre-edge. 
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SOLUTION  KINETICS  AND  MECHANISMS 


Work  or.  this  task  has  concentrated  on  identifying  and 
characterizing  the  cause(s)  of  and  finding  methods/ techniques  for 
suppressing  intermodulation  interference  ( IMI )  onboard  Navy  surface 
ships,  studying  electrochemical ly  active  transition  metal  complexes 
that  can  be  employed  as  catalysts  for  the  conversion  and/or 
decomposition  of  dissolves  gases  (C02,  NO)  and  other  small 
molecules,  and  developing/writing  of  programs  for  analytical 
instruments  such  as  the  Varian  CARY  2390. 

A.  Intermodulation  Interference  Studies 
See  Appendix  F. 

B .  Electron  Transfer  in  Transition  Metal  Complexes 
See  Appendix  F. 

C .  Software  Programs  for  the  CARY  2390 

The  Varian  CARY  2390  spectrophotometer  is  a  high  quality, 
microprocessor  controlled  analytical  instrument  intended  for 
measurements  of  the  UV-Visible-Near  IR  absorption  spectra  of 
solids,  liquids  and  gase9.  When  equipped  with  an  optional  IEEE- 
488  standard  interface,  these  instruments  and  their  accessories  are 
programmable  and  accessible  by  an  external  computer  system.  The 
use  of  an  external  computer  capability  enables  instrument  control 
and  acquisition  of  spectra  measurements  in  digital  form,  the 
editing  and  manipulation  of  spectral  data  and  provides  flexible 
plotting  facility,  plot  documentation  and  the  production  of 
presentation  material. 

Three  ( 3 )  programs  have  been  written  and  implemented  for 
external  computer  control  and  manipulation  of  data  from  the  CARY 
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2390.  These  three  programs  are  referenced  as  CARYSPEC,  EDITSPEC, 
AND  PLOTSPEC  and  are  included  as  Appendices  Gl,  G2  and  G3, 
respectively. 
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Abstract 

The  friction  and  wear  behaxior  of  titanium • 
implanted  bearing  steel  (AlSl-52100)  has  been 
shown  to  depend  critically  on  the  near-surface 
composition,  as  determined  by  the  implantation 
conditions.  Friction,  in  turn,  is  believed  to  be  con¬ 
trolled  by  wear  debris,  which  have  been  found  to 
consist  mainly  of  oxides.  In  order  to  investigate  the 
role  of  oxides,  transfer  films  formed  on  non- 
implanted,  titanium-implanted  and  oxidized  sub¬ 
strates  have  been  characterized  by  transmission 
electron  microscopy  and  by  Auger  spectroscopy. 
Wear  debris  contained  mainly  iron  oxides  and  tita¬ 
nium  oxides  and,  occasionally,  metallic  iron.  A 
mixture  of  Fe,0 ,  +  Ti,Ot  was  obtained  from  a  Ti*  • 
implanted  surface.  Fe,04  debris  also  developed  in 
non-implanted  substrates,  but  not  in  titanium- 
implanted  substrates.  The  morphology  of  wear 
debris  was  highly  dependent  on  the  implantation 
conditions.  Very  thin  flake  debris  were  seen  after 
Ti  *  and  (Ti*  +C*)  implantation  (and  on  TiC- 
coated  steel)  and  are  associated  with  low  friction 
coefficients.  Spherical  debris  were  formed  from 
non-implanted  substrates  and  oxidized  implanted 
substrates.  Friction  coefficients  and  wear  behavior 
will  be  discussed  in  terms  of  chemistry  of  debris, 
adhesion  between  surface  and  debris,  and  the 
trtbomechanical  behavior  of  superficial  layers. 

1.  Introduction 

Titanium  implantation  into  steels,  under 
special  processing  conditions,  can  produce  an 
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unusually  low  friction  surface  with  very  low  wear 
[1-5],  Singer  has  shown  that  the  low  friction  on 
these  optimally  processed  surfaces  of  type  52  100 
steel  correlates  with  the  presence  of  a  high  carbon 
concentration  at  the  oxide-metal  interface  [6,  7), 
brought  about  by  vacuum  carburization  during 
implantation  [8J.  Earlier  studies  revealed  that 
insufficient  carbon  at  the  surface  led  to  adhesive- 
type  wear  and  high  friction  [2J.  Recent  studies 
have  indicated  that  oxidation  of  these  low  friction 
surfaces  leads  to  higher  friction,  without  loss  of 
the  titanium-implanted  layer  [9J. 

In  this  paper  we  attempt  to  explain  the  role  of 
the  vacuum-carburized  layer  in  the  origins  of  low 
friction.  We  do  this  by  determining  the  composi¬ 
tion  and  structure  of  debris  formed  during  low 
and  high  friction  sliding  contact  and  identifying 
the  wear  modes  that  produce  the  debris. 

2.  Experimental  details 

Disks  of  hardened  52100  steel  were  polished 
and  implanted  in  NRL's  modified  Varian  Extrion 
implanter.  During  implantation,  disks  were  kept 
near  room  temperature  owing  to  a  water-cooled 
holder.  The  target  chamber  was  cryogenicalty 
pumped  to  a  base  pressure  of  5x10' 7  Torr. 
Samples  were  implanted  with  a  4*Ti*  beam  (at 
current  densities  of  10-20  pA  cm'2)  to  a  fluence 
of  5  x  10l7Ti  cm'2  at  an  energy  of  190  keV.  One 
Ti' -implanted  sample  was  also  implanted  with 
carbon  (3  x  JO17  C  cm-2  at  50  keV)  and  another 
was  oxidized  at  300*0  for  1  h. 

Friction  measurements  were  carried  out  in  air 
(30%  relative  humidity,  room  temperature)  on  a 
Bowden-Leben  type  tester  (sliding  speed,  0.1 
mm  s'1)  or  on  a  pin-on-disk  machine  (sliding 
speed  8  mm  s'1).  Bowden-Leben  tests  con¬ 
sisted  of  repeated,  unidirectional  sliding  on  a 
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single  track  5  mm  long,  whereas  pin-on-disk  tests 
produced  continuous  contact  along  a  circular 
track.  Hardened  52100  steel  balls  (12.3  mm  in 
diameter)  were  loaded  to  9.8  N  (mean  Hertzian 
stress  of  0.54  GPa)  and  slid  against  non- 
implanted  and  implanted  disks  as  well  as  a  TiC- 
coated  M2  steel  disk. 

At  the  end  of  the  friction  tests,  wear  scars  and 
the  debris  generated  during  sliding  contact  were 
examined  by  optical  (Nomarski)  and  electron 
microscopy.  Wear  scars  were  analyzed  by  Auger 
sputter  depth  profiling,  using  the  techniques 
described  previously  |2.  10).  Wear  debris  on  the 
balls  were  removed  with  cellulose  acetate  film, 
softened  by  acetone,  then  stripped  from  the  sur¬ 
face.  The  film  plus  debris  was  coated  with  carbon 
and  placed  on  copper  grids.  The  cellulose  acetate 
film  was  then  dissolved  in  acetone,  leaving  the 
debris  in  a  carbon  frame  on  the  copper  grids. 
Debris  were  examined  in  a  200  CX  scanning 
transmission  electron  microscope  and  charac¬ 
terized  by  electron  diffraction  and  energy  disper¬ 
sive  X-ray  (EDX)  analysis. 


J.  I.  Friction  and  wear  belta  vior 

Two  types  of  friction  and  wear  behavior  were 
observed.  With  the  TiC  coating  and  the 
(Ti*  +  C*  y  and  Ti*  -implanted  disks,  the  friction 
coefficients  remained  low  (0.15-0  3)  and  the 
“wear"  was  limited  to  debris  particles  attached  to 
the  ball.  Very  little  or  no  debris  particles  were 
found  in  the  wear  track.  With  the  oxidized  Ti  ’  - 
implanted  disk  and  the  non-implanted  disk, 
steady  state  friction  coefficients  were  high 
(0. 5-0.6)  and  “wear”  was  observed  as  debris  par¬ 
ticles  attached  to  both  ball  and  wear  track 
(initially,  the  friction  coefficient  of  the  oxidized 
implanted  disk  was  low  but  rose  steadily  to  0.5 
after  5-7  passes).  Figure  1  shows  optical  micro¬ 
graphs  of  debris  on  ball  and  in  the  wear  track  for 
selected  cases  of  the  two  types:  Fig.  1(a)  was 
taken  after  1000  passes  (pin-on-disk)  against 
a  (Ti*  +C*)-implanted  disk  and  show:,  that 
virtually  no  debris  accumulated  in  the  wear 
track.  Figure  1(b)  was  taken  after  15  passes 
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(Bowdcn-Lebcn;  against  a  lion-implanted  disk 
and  illusiiatcs  lliai  ucbris  covered  most  of  die 
wear  track.  Idem e  He)  shows  debris  alter  15 
passes  ( Bowden -Leben)  against  oxidized  TV- 
implanted  steel.  The  debris  formed  only  after  the 
friction  coefficient  exceeded  0.4.  Nomarski  mi¬ 
croscopy  revealed  that  each  of  the  rather  large 
debris  flakes  consisted  of  a  rough  (dark)  patch  of 
material  at  back  and  a  smooth  i  light !  area  in  front. 

a  2.  Morphology  of  debris 

Flakes  of  debris  stripped  from  the  contact  spot 
on  ball  sliders  were  examined  by  transmission 
electron  microscopv  \TEMi.  lrt  each  case,  flakes 
consisted  of  an  agglomeration  of  submicron-sized 
particles.  However,  the  morphologies  of  the 
flakes  from  the  low-friction  surfaces  were  differ¬ 
ent  from  those  of  the  high-friction  surfaces. 
Flakes  from  the  three  low-friction  substrates 
appear  to  be  made  of  stacks  of  angular-shaped 
platelets,  several  micrometers  in  diameter.  Ex¬ 
amples  of  this  morphology  for  Ti*-  and 


ill'  +  (. "  ■-implanted  disks  at  intermediate  mag¬ 
nification  are  seen  in  Figs.  2  a)  and  2(b).  respec¬ 
tively.  At  higher  magnification  (Fig.  2(c;),  the 
flakes  appear  rather  uniformly  transparent  and 
have  no  boundaries  or  interfaces,  suggesting  that 
they  are  made  up  of  thin,  uniformly  thick  plate¬ 
lets.  These  platelets,  in  turn,  are  an  agglomeration 
of  nanometer-sized  particles,  as  seen  in  the  dark- 
field  micrograph  of  Fig.  2(d).  Flakes  obtained 
from  the  TiC-coated  disk  had  the  same  morpho¬ 
logy  as  implanted-disk  debris. 

Flakes  from  the  high  friction  surfaces  showed 
nanometer-sized  particles,  similar  to  those 
described  above.  TEM  also  revealed  that  these 
very  fine  particles  agglomerate  to  form  an  inter¬ 
mediate  structure,  not  seen  in  the  low-friction 
Oakes.  The  intermediate  structure,  presented  in 
Fig.  3(a),  consists  of  spherical  particles  0.1  /<m  in 
diameter.  Collection  of  these  balls,  in  turn,  gives 
the  very  irregular  flakes  shown  in  Fig.  3(b)  (debris 
from  the  non-implanted  surface)  and  Fig.  3(c) 
(debris  from  the  oxidized  implanted  surface). 


fig.  2.  I  FM  micrographs  of  Johns  flakes  stripped  from  halls  worn  against  low-friction  implanted  surfaces:  (a)  Ti  ‘-implanted; 
(b),(c),(d)(Ti’  +  C*  Hmplanted. 


I*  ip.  3  Tl'.M  micropra;>h  of  debris  Hakes  stripped  from  balls 
*om  apamst  hiph-fncV'in  surfaces:  (a),  (b)  non-imphmed.  (c) 
oxidized  1 1  *  -implanted. 


J.J.  Composition  of  the  wear  debris 

Electron  diffraction  of  debris  flakes  from  the 
low-friction  titanium-implanted  samples  revealed 
an  Fe..O,  structure,  and  EDX  analysis  showed  a 
considerable  amount  of  titanium.  The  debris  was 
probably  a  mixture  of  Fe.O,  and  Ti.O,  (which 
have  very  close  lattice  spacings)  or  (FcTi),Ov 
f  ile  same  mixed  structure  is  seen  in  the  debris 


from  the (Ti '  +  C~  Hmplaniod  disks.  In  addition, 
after  longer  tests  (10(10  passes  per  2s  mj  other 
rings  were  detected,  corresponding  to  a  I  c  O.  oi 
Fe<TiOs  structure.  Ditfraction  patterns  of  the 
flakes  obtained  from  the  TiC-coated  sample 
showed  mainly  Fe.O,  plus  small  amount  ol  noil- 
oxidized  iron,  but  again  EDX  analysis  revealed 
some  amount  of  titanium,  indicating  that  the  debris 
came  not  only  from  wear  of  the  ball  but  also  from 
wear  of  the  coating. 

Electron  diffraction  patterns  front  the  high- 
friction  non-implanted  steel  showed  that  wear 
debris  were  predominantly  iron  oxide  having  the 
Fe,Oj  structure  with  varying  amounts  of  Fe.O, 
(the  rings  of  Fe.O.,  were  always  more  intense). 
Addition  spot  patterns  having  an  hexagonal 
structure (nm 0.2 75  nm,  r  =  0.435  nnt)  wete  seen 
and  attributed  to  the  e  carbide  phase  in  52100 
steel.  Debris  obtained  from  the  oxidized  titanium- 
implanted  sample  also  contained  mixtures  of 
Fe,0,  and  Fe,04. 

Auger  analysis  of  the  wear  track  on  tlte  oxi¬ 
dized  Ti-implanted  disk  are  presented  in  Fig.  4. 
Depth  profiles  were  taken  at  the  spots  designated 
by  letters  (a-d)  shown  in  the  scanning  electron 
photograph.  The  rougher,  black  part  (Fig.  4(a)) 
was  mainly  iron  oxide  (plus  a  little  bit  of  titanium 
oxidej  whereas  the  smoother,  gray  part  (Fig.  4(d)) 
had  a  composition  similar  to  the  unworn,  oxi¬ 
dized  layer  (Fig.  4(b)).  Comparison  of  the  profiles 
inside  (Fig.  4(c))  and  outside  (Fig.  4(b))  the  track 
indicates  that  only  the  oxide  layer  was  removed 
during  sliding,  which  resulted  in  titanium  enrich¬ 
ment  of  the  surface.  (The  composition  of  the 
oxidized  titanium-implanted  layer  is  discussed 
more  fully  in  [9].) 

4.  Discussion 

TEM  analysis  of  debris  generated  during  high- 
friction  sliding  contact  is  consistent  with  the  oxi¬ 
dative  wear  behavior  of  52100  steel.  Steel 
surfaces  undergo  accelerated  oxidation  undet 
sliding  contact  (11,  12j.  At  a  critical  thickness, 
depending  on  the  model  used,  oxidized  flakes 
break  free  from  the  surface,  creating  a  debris  par¬ 
ticle.  Because  there  exists  a  gradient  in  the  oxygen 
concentration  from  the  surface  into  the  bulk,  one 
expects  these  particles  to  have  a  substoichio- 
metric  composition.  In  addition,  since  the  outer¬ 
most  oxides  occupy  a  larger  volume  than  the 
metal  below  (Fe.O,  has  twice  the  molecular 
volume  of  iron  (13)),  flakes  will  be  under  stress. 
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Kill.  4.  Scanning  el  woo  micrograph  and  Auger  analysis  of  selected  areas  of  a  IV'eenih  pass  wear  scar  on  oxidized.  IV- 
imnlanicd  steel:  (a)  Auger  profile  on  ihe  black  part  of  the  debits:  (b)  Auger  profile  in  ihe  wear  scar;  (ei  Auger  profile  on  the 
unworn  surf  ace,  (d)  Auger  profile  on  the  gray  part  of  the  debris. 


causing  them  to  curl.  Both  these  features,  sub- 
stoichiometric  Fc,Oj  phase  and  spherical 
morphology,  were  demonstrated  in  the  TEM 
studies. 

TEM  analysis  of  debris  from  TiC-coated  and 
TV  or  (TV  +C* ^implanted  steel  suggests  the 
following  wear  mode  for  low-friction  surfaces. 
The  thin  outermost  iron  oxide  layer  of  titanium- 
implanted  steel,  shown  by  Auger  analysis  to  have 
the  same  Fe;0,  composition  |1|  found  on  air 
exposed  steel  114],  is  sheared  at  the  Fe-Ti-C 
interface  during  sliding  contact.  These  very  thin 
oxide  platelets  (approximately  1  -2  nm  thick  ( 1 5 J) 
collect  on  the  ball  and  form  a  debris  particle. 
TEM  analysis  of  these  debris  stripped  from  the 
ball  showed  Fe.O,  particles  having  platelet 
morphology.  These  debris  did  not  transfer  to  the 
wear  track  during  subsequent  passes  probably 
because  of  the  ease  with  which  shear  occurs  at  the 
Fe-Ti-C  layer. 

After  oxidation  of  the  titanium-implanted  sur¬ 
face,  sliding  contact  produced  oxidative  wear, 
generating  spherical  *-'e,0,  debris,  as  determined 


by  TEM.  But  the  friction  coefficient  was  initially 
low,  which  means  that  the  easily  sheared  plane 
achieved  by  implantation  was  not  completely  eli¬ 
minated  by  oxidation.  The  transition  from  easy 
shear  and  low-friction  coefficients  to  oxidative 
wear  and  nigh-friction  coefficients  was  accom¬ 
panied  by  debris  accumulation  in  the  wear  track. 
This  accumulation  can  be  described  by  a  three- 
step  process:  first,  a  subtle  change  in  chemistry  at 
the  Fe-Ti-C  interface— the  titanium  level  was 
enriched,  compared  with  the  carbon  level  (Fig. 
4(c));  second,  enhanced  adhesion— we  know  from 
earlier  studies  that  oxide  particles  adhere  more 
strongly  to  a  titanium-rich  layer  j 2,  lb);  and  third, 
ploughing— once  adhered,  the  oxide  debris  trans¬ 
mit  higher  stresses  locally  to  the  surface,  plough¬ 
ing  the  implanted  layer  and  causing  the  surface  to 
bulge  in  front.  This  ploughing  action  is  evident  in 
the  Nomarski  micrograph  of  the  wear  track  (Fig. 
1(c)  right). 

The  correlations  obtained  between  the  wear 
modes  and  friction  coefficients  suggest  a  model 
for  the  friction  and  wear  behavior  of  steel  sur- 


luces.  l  lic  fndiDii  cocllicienl  is  the  sum  of  two 
terms.  l  ire  first  tcim  corresponds  to  the  shearing 
ol  the  superficial  oxide  films  and  is  probably  simi¬ 
lar  for  all  substrates  since  the  primary  wear  par¬ 
ticles  are  always  the  very  small  oxide  crystallites. 
This  term  has  a  value  around  0.2,  the  value  pre¬ 
dicted  by  Bowden  and  Tabor  j  1 7J  for  the  inter¬ 
laced  shear  of  weakly  adhering  junctions.  The 
second  term  accounts  for  the  adhesion  of  wear 
debris  to  the  ball  and  the  track  and  the  mechani¬ 
cal  resistance  (deformation  and  ploughing)  pro¬ 
duced  by  the  adherent  wear  debris.  This  last  term 
is  in  the  process  of  being  modelled. 


5.  Summary  and  conclusions 

The  friction  behavior  of  titanium-implanted 
(and  TiC-coated)  steel  surfaces  has  been  corre¬ 
lated  to  the  morphology  and  chemistry  of  the 
debris  flakes  produced  during  dry  slidine.  Low- 
friction  surfaces  (Ti*-  or  (Ti *  +  C* )-implanted 
and  TiC-coated  steel)  produced  platelets  of 
(FeTi)20,  debris;  high-friction  surfaces  (non- 
implanted  and  oxidized  titanium-implanted  steel) 
generated  agglonterates  of  mainly  f-'e.Oj,  com¬ 
pacted  ball  debris.  The  platelet  debris  tended  not 
to  transfer  to  the  wear  track  during  low-friction 
sliding,  whereas  the  ball  debris  adhered  to  the 
track  when  the  friction  coefficient  exceeded  0.4. 
Higher  friction  coefficients  observed  with  oxi¬ 
dized  titanium-implanted  steel  were  attributed  to 
titanium-enrichment  of  the  surface.  These 
observations  provide  evidence,  in  place  of  earlier 
speculations,  that  the  low-friction  coeflicients 
obtained  with  high-fluence  titanium  implantation 


arc  related  to  easy  shear  and  low  adhesion  ai  the 
lx— l  i-C  interface  in  the  implanted  Mill. ice. 
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ABSTRACT 

Ti-implanted  52100  bearing  steel  was  oxidized  at  temperatures  from  300 
600®C.  Friction  and  wear  tests  were  performed  using  low  speed,  high  stress 
sliding  contact  in  air.  Auger  depth  profiling  and  SIHS  were  used  to 
investigate  changes  in  composition.  Friction  coefficients  of  oxidized 
implanted  surfaces  rose  from  low  values  of  0.2  to  0.6;  nonimplanted  steel* 
measured  0.6  whereas  ,  on-oxidized  Ti~i»planted  steel  gave  0.3.  Wear  was 
confined  to  the  oxide  layer,  but  the  behavior  changed  with  oxide  thickness. 
Relatively  thin  oxide  layers  (ca.  10  n»)  resulted  in  transfer  of  oxide  wear 
debris  to  the  wear  tracL.  Thicker  oxides  (£  100  nil)  sheared  from  the  implanted 
layer  on  the  first  pass;  Auger  analysis  of  the  wear  track  indicated  that 
failure  occurred  at  the  Fe  oxide/  Ti  oxide  interface.  Very  thick  oxides  (1  um) 
buckled  and  cracked,  unlike  those  on  oxidized,  nonimplanted  steel.  In  addition 
to  generating  oxides,  the  heat  treatment  caused  carbon  fro*  the  bulk  to  migrate 
into  the  Ti-i*planted  layer,  leading  to  full  carburization  of  the  implanted 
layer  at  temperatures  above  400*0.  The  influence  of  oxide  films  on 
tribological  behavior  was  illustrated  by  re*oving  an  oxide  film  with  ion¬ 
milling  and  demonstrating  reduced  friction  and  wear. 
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INTRODUCTION 

Ti  implantation  has  been  shown  to  dramatically  improve  the  friction  and 
wear  behavior  of  a  wide  variety  of  engineering  steels  [Ref. 1,2, 3).  Optimal 
processing  parameters  for  obtaining  low  friction  and  wear  resistant  layers  have 
been  established  for  both  single  ion  implants  of  Ti  (Ref.  4]  and  dual  implants 
of  Ti  +  c  [Ref.  5].  In  both  cases,  the  low  friction  coefficients  [Ref.  6]  and 
the  increased  wear  resistance  [Ref. 7]  have  been  linked  strongly  to  the  Fe-Ti-C 
alloy  layer  formed  in  the  surface.  However,  the  stability  of  these  low- 
friction,  wear  resistant  surfaces  has  not  been  fully  explored.  Singer  and 
Jeffries  [Ref.  6]  observed  increased  friction  coefficients  in  Ti-implanted 
substrates  which  did  not  receive  sufficient  "vacuum  carburization”  [Ref.  8]  of 
the  near  surface  layer  .  Follstaedt,  et  al  [Ref.  9]  saw  increased  friction 
coefficients,  albeit  decreased  wear,  in  a  (Ti  +  C) -implanted  austenitic  steel 
annealed  at  650®C. 

The  purpose  of  this  paper  is  to  examine  the  influence  of  oxide  formation  on 
the  friction  and  wear  behavior  of  Ti  implanted  steel.  Oxidation  is  the  most 
pervasive  surface  modification  facing  all  metals  in  sliding  contact,  in  air 
[Ref.  10],  in  lubricants  [Ref.  11]  and  even  in  modest  high  vacuum  environments 
[Ref.  12].  It.  vhis  study,  bearing  steel  substrates  were  given  an  "optimal"  Ti 
implantation  treatment  then  oxidized  at  temperatures  from  about  300  to  600»C. 
Oxidation  not  only  produced  oxide  rilms  with  thickness  from  less  than  10  nra  to 
greater  than  1  urn  but  al.  altered  the  composition  of  the  implanted  layer. 
Friction  coefficients  and  initiation  of  wear  were  investigated  and  correlated 
with  changes  ~  composition  of  the  oxidized  and  worn  oxidized  substrates. 


EXPERIMENTAL 
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Polished  disks  of  hardened  S2100  bearing  steel  were  implanted  with  Ti  ions 
to  a  dose  of  4.6  x  1017/cs2  at  190  keV.  The  chamber  was  intentionally 
backfilled  with  13C0  gas  to  a  pressure  of  1  x  10  ~5  Torr,  in  order  to  obtain 
13C  species  in  the  vacuum  carburized  layer.  Substrates  were  mounted  on  a 
water-cooled  holder  to  prevent  temperatures  from  rising  above  about  40°C  durina 
implantation.  One  of  each  implanted  disk  was  then  heat  treated  in  an  80%  Ar  + 
20%  O2  gas  mixture  for  one  hour  at  temperatures  298»C,  412®C  and  596'C  (+  3=0. 
One  of  the  oxidized  substrates  was  later  ion  milled  in  a  commercial  ion  milling 
machine.  The  substrate  was  bombarded  with  1  keV  Ar  ions  impinging  at  45°  to  a 
rotating,  water-cooled  substrate  holder.  For  the  remainder  of  the  paper,  we 
will  use  the  sample  designations  listed  in  Table  1  to  identify  the  substrates 
and  their  treatments. 

Friction  tests  were  performed  on  a  Bowden-Leben  type  tester.  A  12.7  mm 
(1/2")  diameter  ball,  also  made  of  bearing  quality  52100  steel,  was  loaded  to  1 
kgf  (mean  Hertzian  pressure  *  0.54  CPa)  aaainst  the  moving  substrata.  Speed  was 
maintained  at  0.1  mm/sec  and  from  one  to  20  unidirectional  passes  were  made 
over  the  same  track.  Tests  were  performed  in  air  {Relative  humidity  30  -  40  %) . 
without  lubrication.  Friction  coefficients  are  reported  to  two  place  accuracy 
(+  0.03).  Wear  tracks  were  examined  optically  with  Nomarski  and  Michelson 
interferometry.  Knoop  hardness  measurements  (at  2  kgf)  were  also  taken. 

Composition  analyses  were  performed  by  scanning  Auger  electron  spectroscopy 
(CAM)  in  conjunction  with  sputter  depth  profiling  (2  keV  Ar  ions),  secondary 
ion  mass  spectrometry  ( 3 X MS ) ,  using  5.5  keV  Ar  ions,  and  energy  dispersive  X-ray 
analysis  (EDX).  Auger  data  were  converted  to  concentrations  using  sensitivity 
factors  established  from  reference  compounds  [Ref.  8],  and  depth  seal's  ware 
obtained  from  interferometric  measurements  of  sputtered  craters.  SIMS  was 
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particularly  useful  in  identifying  the  isotopic  ,2C  and  ,3C  species  in  the 
implanted  layer  [Ref.  13]. 

RESULTS 

Hardness  and  color  changes  accompanying  oxidation  of  the  52100  steel 
substrates  are  listed  in  Table  1.  The  bulk  hardness  of  the  substrate  decreased 
with  temperature,  as  expected  for  a  fine-grained  1  wt.  X  catbon  steel  [Ref.  14]. 
Implanted  surfaces  that  were  oxidized  up  to  412C  were  nearly  as  smooth  as 
polished  surfaces,  as  determined  visually  in  reflecting  light  and  by  the 
relative  sharpness  of  interference  bands  seen  in  a  Michelson  interferometer. 
While  not  as  specular,  the  oxidized  1596  substrata  was  smooth  enouah  to  reflect 
uniform  interference  b«nds  in  the  interferometer.  By  contrast,  the  oxidized 
noniaplanted  substrate  N596  was  rough.  Table  1  also  summarizes  the  friction 
coefficients  measured  on  the  oxidized  substrates  and  the  two  reference  (room 
temperature)  substrates.  Compositions  and  tribological  behavior  associated  with 
each  of  the  oxidized  substrates  are  described  in  more  detail  below; 

Substrate  1298.  The  oxide  film  on  the  1293  substrate  had  the  same 
composition  as  the  non-oxidized  125  substrate  (Ref.  1],  but  the  film  was  2  to  3 
times  thicker.  Auger  lineshapes  of  the  oxide  constituents  showed  the  outermost 
layer  to  be  FeiO-j,  followed  by  a  TiOi-TiiOj  layer  with  metallic  Fe,  then  a 
Ti (OC)  layer  merged  with  the  Fe-Ti-C  interface.  The  subsurface  layer  of  1298 
showed  a  broad  Ti  profile  and  a  near-surface  carbon  peak,  similar  to  that  found 
in  the  125  substrate  (see  Fig.  1).  In  addition,  it  had  a  deeper  carbon  peak, 
depicted  by  thu  cross-hatched  area  of  Fig.  1.  SIRS  analysis  of  the  substrate 
before  and  after  oxidation  (Fig.  2)  showed  that  the  near-surface  carbon  profile 
was  predominantly  IJC,  therefore  derived  from  vacuum  carburization,  whereas  the 
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deeper  carbon  profile  was  predominantly  l2C.  The  full  1293  profile,  with  the 
two  carbon  distributions  distinguished,  is  shown  in  Fig.  1. 

The  friction  coefficient  on  substrate  1293  started  low  (0.22)  then 
gradually  increased  to  a  steady-state  value  of  0.62  after  the  tenth  pass. 

Debris  generated  on  the  first  pass  was  redeposited  at  the  outside  edges  of,  but 
not  inside,  the  track,  with  subsequent  passes,  as  the  friction  coefficient  rose 
to  0.4  and  above,  debris  accumulated  inside  the  track.  No  wear  of  the  track 
could  be  detected  by  interferometry,  but  SAM  analysis  showed  that  the  debris  in 
the  track  were- composed  mainly  of  Fe  oxide.  (The  wear  behavior  of  this 
substrate  is  discussed  more  fully  in  a  companion  paper  (Ref. IS].) 

Substrate  I298IM.  As  a  means  of  assessing  the  role  of  the  oxide  film  in 
debris  generation  and  friction  increase,  the  oxide  layer  of  substrate  1298  was 
removed  by  ion  milling  then  friction  tests  and  surface  analyses  were  repeated. 
The  ion  milled  area  of  the  substrate  (I298IM)  gave  friction  coefficients  ranoing 
from  0.30  on  the  first  pass  to  0.39  after  IS  passes.  No  measurable  wear  and 
very  little  debris  were  detected  after  15  passes. 

EDX  analysis  established  that  the  ion-milled  surface  had  lost  approx  20X  of 
the  implanted  Ti .  Auger  analysis  of  J29SIH  was  identical  to  that  of  substrate 
1293,  except  that  all  of  the  oxide  and  a  small  portion  of  the  implanted  layer 
had  been  removed  by  ion-milling.  Thm  depth  profile  of  I298IM  is  indicated  in 
Fig.  1,  where  the  outermost  surface  after  ion  milling  begins  at  the  thin 
vertical  line. 

"ubstrate_I412.  An  Auger  sputter  depth  profile  of  the  implanted  layer  of 
substrate  1412  is  shown  in  Fig.  3a  with  an  expanded  scale  for  the  oxide  layer. 

The  surface  layer  had  a  substantially  thicker  oxide  film  (around  120  nat)  than 
the  as-implanted  surface.  The  oxide  film  was  made  up  of  an  Fe  oxide  layer, 
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whose  stoichiometry  was  roughly  FezCb,  on  top  of  a  mixed  layer  consisting  of  3 
parts  TiaOl,  as  indicated  by  the  Ti(LMH)  lineshape  [Ref.  16],  and  2  parts 
metallic  Fe.  The  presence  of  a  carbon  peak  at  the  Fe  cxide/Ti  oxide  interface 
suggests  that  this  was  the  location  of  the  original  carbon-ccntaainated 
surface,  and  that  Fe  oxide  grew  on  top  of  it.  Below  the  oxide  layer,  a  Ti(OC) 
interface  merged  gradually  with  the  subsurface  Ti-implanted  layer.  The 
subsurface  Ti  layer  was  fully  carburized,  i.e.,  C/Ti  ratio  of  1  throughout  the 
1 ayer . 

As  with  substrate  1293,  the  friction  coefficient  of  substrate  1412  began 
low  (0.23)  then  rose  gradually  to  a  steady-state  value  of  0.62  after  the  tenth 
pass.  Again,  debris  accumulated  at  the  edges  of  the  track  on  the  first  pass, 
then  inside  the  track  as  the  friction  coefficient  rose  above  0.4.  On  the  first 
pass,  however,  the  1412  track  was  sheared  uniformly  *o  a  depth  of  55  >  10  nm. 
Over  the  next  14  passes,  very  little  further  wear  took  place.  Interf erograes  of 
the  sheared  wear  track  can  be  seen  in  Fig.  4,  which  shows  the  1st  to  7 th  pass, 
and  15th  pass  region  of  two  different  tracks. 

Scanning  Auger  microscopy  (SAM)  performed  on  the  first  pass  wear  track  of 
substrate  1412  is  shown  in  Fig.  3b.  Auger  lineshape  analysis  indicates  that 
TiOj  was  the  predominant  oxide  on  the  surface  of  the  track.  A  comparison  of 
Figs.  3a  and  3b  3ho«s  that  an  Fe  oxide  film  30  to  60  nm  thick  was  sheared  off 
the  wear  track,  consistent  with  the  interferometry  measurements. 

Substrate  1596.  The  SIMS  depth  profile  of  1596  in  Fig.  5  indicates  a 
complicated  multilayer  composition,  consisting  of  an  Fe-rich  (Ti-depleted) 
surface  oxide,  followed  by  a  C-lean  Ti  oxide,  then  a  broad  oxide/metal  interface 
incorporating  piled-up  C  from  the  decarburizatioo  process.  Auger  analysis  (not 
shown)  detected  only  Fe  oxide  (no  Ti)  during  a  20  minute  sputtering  period 
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(approximately  100  nm  deep).  After  a  few  minutes,  the  O/Fe(650  eV)  ratio 
reached  a  steady  state  value  of  1.9.  Sputter  depth  profiles  under  identical 
conditions  on  substrate  N596  and  FejOa  powders  gave  0/Fe(65C  eV)  ratios  of  2.7 
and  3.3  +  0.2,  respectively.  Recognizing  that  substoichiometric  compuunas  can 
undergo  substantial  ion-beam  reduction,  we  nevertheless  infer  that  the  surface 
of  substrate  N596  had  an  FeaOa  oxide  film,  whereas  substrate  1596  had  an  FeO 
film. 

Friction  coefficients  for  substrate  1596  displayed  stick-slip  tor  nearly 
every  pass.  .Stick-slip  excursions  were  small  on  the  first  pass  (0.4-0. 5)  but 
increased  to  0.2-0. 6  after  5  passes.  The  track  began  to  buckle  on  the  first 
pass,  then  these  buckled  areas  fractured  and  accumulated  debris  with  subsequent 
pisses.  Interferometry  at  areas  where  the  track  fractured  gave  depths  greater 
thin  1  um  (not  shown),  suggesting  that  the  oxide  film  was  at  least  1  urn  thick. 

Substrate  N596.  The  friction  coefficient  for  substrate  N596  began  at  0.5 
with  slight  stick-slip,  then  rose  to  0.8  with  increasing  amornts  of  stick-slip 
after  8  passes.  Unlike  the  1596  track,  the  H596  track  did  not  buckle  and 
fracture,  but  it  did  accumulate  vear  debtis. 

DISCUSSIOM 

High  temperatures  (3u0  -  600*0  and  oxygen  exposure  altered  the  chemistry 
of  the  implanted  layer  in  two  distinct  ways:  by  thickening  the  oxide  film  and 
by  promoting  full  carburization  of  the  Ti-rich  implanted  layer.  The  oxide 
film,  as  it  thickened,  maintained  an  Ft  oxide/Ti  oxide  multilayer  composition. 
One  rather  unique  aspect  of  the  oxide  formation  vas  that  the  oxidized  surface 
remained  smooth,  as  revealed  by  interferometry.  We  attribute  reduced  roughness 
to  uniform  oxide  growth  on  the  amorphous  surface  of  Ti-implanted  steel  (Ref.  1]. 
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Carburization  of  the  Ti-implanted  layer  occurred  in  conjunction  with 
decarburization  of  the  bulk  steel,  i.e.,  as  solute  C  atoms  from  the  bulk 
migrated  towards  the  surface,  tney  were  gettered  by  Ti  atoms  to  form  the  very 
stable  TiC  compound.  Similar  precipitation  behavior  was  reported  by 
Follstaedt,  who  observed  TiC  precipitates  in  heat  treated  Ti-implanted  Fe  [Ref. 
17]. 

Although  not  investigated  in  this  paper,  the  long-term  wear  behavior  of  Ti- 
implanted  steel  may  benefit  from  the  TiC  formation  accompanying  heat  treatment. 
Follstaedt  at  al  (Ref.  9]  have  observed  the  same  excellent  wear  resistance  in 
650°C  vacuum  annealed  Ti  +  C  implanted  steels  as  in  the  as-implanted  steel, 
despite  the  loss  of  low  friction.  The  enhanced  wear  resistance  was  attributed 
to  the  added  subsurface  strengthening  achieved  by  TiC  precipitate  formation.  As 
for  the  friction  increase,  we  suspect  that  oxides  may  have  formed  during  the 
"vacuum  annealing",  causing  the  higher  friction  coefficients.  Increased  wear 
resistance  was  also  obtained  by  Ti  implantation  into  steel  heated  to  600°C  by 
beam  heating,  where  a  TiC  precipitate  layer  was  formed  [Ref.  13]. 

Despite  potential  benefits  of  subsurface  carburization,  the  tribological 
properties  of  the  oxidized  Ti-implanted  52100  steel  appeared  to  degrade  in  two 
wr/s:  First,  the  multilayer  oxide  "failed"  under  the  stress  transmitted  during 
dry  sliding  contact.  In  the  thin  (<100  nm)  oxide  formed  at  412*C,  the 
outermost  Fe  oxide  layer  exhibited  shear  failure  at  the  Fe  oxide/Ti  oxide 
interface.  This  easy  shear  may  be  linked  to  changes  in  the  subsurface 
chemistry:  1)  due  to  the  subsurface  carbon  layer  retained  from  the  original 
surface,  or  2)  to  the  sharp  gradient  in  composition  at  the  Fe  oxide/Ti  oxide 
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interface.  In  the  thicker  oxides  (1  um)  ,  the  oxide  film  f ractu-ed .  Here  too, 
one  sees  gradients  in  the  composition  of  the  oxidized  layer. 

Secondly,  debris  that  formed  from  the  oxide  layer  during  the  first  few 
traverses  of  the  slider  were  later  redeposited  in  the  track,  causing  the 
friction  to  increase  from  about  0.2  to  0.6,  the  value  of  noniraplanted  steel  on 
steel.  Direct  evidence  that  the  oxide  layer  promoted  debris  transfer  and  an 
increase  in  the  friction  coefficient  was  given  in  the  ion  milling  study  of 
substrate  1298.  These  results  suggest  that  the  reduced  friction  and  low  wear 
behavior  of  Ti-implanted  steel  is  diminished  by  oxidation.  In  a  companion 
paper  detailing  investigations  of  debris  formation  and  friction  behavior,  we 
suggested  that  low  friction  coefficients  require  the  Fe-Ti-C  interface  obtained 
on  the  implanted  surface  [Ref.  IS]. 

SUMMARY  AND  CONCLUSIONS 

Heating  and  oxidation  bring  about  considerable  changes  in  the 
composition  of  the  surface  and  subsurface  layers.  Hultilayer  oxides  that  form 
on  top  of  the  Ti-implanted  layer  ultimately  contribute  to  the  demise  of  a  low 
friction  surface  by  a  two  step  process:  First,  the  outermost  Fe  oxide  films  are 
wiped  off  the  track  during  sliding  and  collect  as  debris  on  the  slider.  Second, 
fragments  of  the  debris  are  redeposited  on  the  track  with  subsequent  passes. 
Heating,  however,  promotes  full  carburization  of  the  implanted  layer,  which  may 
contribute  to  added  wear  resistance  at  intermediate  temperatures  (300  -  400*0. 
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TABLE  1.  OCDDATTCN  TH-SPmTURE,  BULK  BARENESS,  VISUAL  APPEARANCE  AND  FRICTION  COEFFICIENT  FOR 
OXIDIZED  AND  REFERENCE  SUBSTRATES.  (DESIGNATORS:  N-fCNIMPUNTED:  I-IMPLANTED:  DMCTH-OILED.] 


SUBSTRATE 

QXHIATICN 

HARENESS 

VISUAL 

FRICTICN  CCEFFICUNT  vs  PASS  NUMBER 

DESIGNATION 

TEMP.  ,»C 

(KJOOP) 

1 

5 

10 

15 

N25 

25 

660 

mirror-like 

0.2-0. 3 

0.62 

0.62 

0.62 

125 

25 

660 

mirror-like 

0.18 

0.26 

0.30 

0.30 

1293 

298 

GOO 

'T'lftev.-'.  *  ;»•« 

O.T 

0.  H-1 

0.62 

0.62 

I298IH 

298  . 

600 

mirror-like 

0.30 

0.36 

0.37 

0.39 

1412 

412 

520 

blue-to-tgrray 

0.23 

0.35 

0.60 

0.60 

1596 

5% 

280 

black 

0.4-0. 5‘ 

0.2-0. 6* 

0.2-0. 6* 

0.2-0. 6* 

N596 

596 

280 

black 

0.5 

0.7 

0.6-0. 8* 

0.6-0. 8* 

stick-slip  behavior. 


1 z. 


FIGURE  CAPTIONS 


Fig.  1.  Concentration  vs  depth  profile  of  Ti-implanted  52100  steel  oxidized  at 
298°C  {substrate  1298).  The  near  surface  carbon  originated  from 
vacuum  carburization  and  the  subsurface  carbon,  from  the  bulk  carbon. 
The  thin  vertical  line  indicates  position  of  surface  after  ion 
milling. 

Fig.  2.  SIMS  depth  profiles  of  52100  steel  implanted  with  Ti  in  the  presence 
of  ,JCO.  (left)  before  oxidation  and  (right)  after  oxidation  at  298°C. 

Fig.  3.  Auger  sputter  depth  profiles  of  Ti-implanted  52100  steel  oxidized  at 
412*C  (substrate  1412).  a)  as-oxidized  surface,  with  expanded  scale 
for  the  oxide  layer;  b)  oxide  film  inside  the  first  pass  wear  track. 
Note:  sputtering  rates  in  two  profiles  were  not  the  same. 

Fig.  4.  Michelson  interferograms  of  a  wear  track  on  Ti-implanted  52100  steel 
oxidized  at  412*C. 

Fig.  5.  SIMS  depth  profile  of  the  Ti-implanted  52100  steel  oxidized  at  596»C. 


AUGER  COMPOSITION  PROFILE 


AS-IMPLANTED  OXIDIZED  T-238*C 

FOR  ONE  HOUR 


SPUTTERING  TIME  (SECONDS) 


C  ' c 

i 

0 


I 


AUGER  SPUTTER  DEPTH  PROFILE 
52100:Ti+  OXIDIZED  AT  412°C 

DEPTH  Irani  '  ,  FIRST  PASS  WEAR  TRACK 


1HDI3H  XV3d*OX*XV3d  U30HV 


/er/o  •  y 


SIMS  SPUTTER  DEPTH  PROFILE 
OXIDIZED  Ti-IMPLANTED  STEEL  (596°C) 


APPENDIX  A3 


Polishing  wear  resistance  of  ion-implanted  304  steel 

I.  L.  Singer,*1  ft.  G.  Vardiman,kl  and  R.  N.  Bolster*1 
V.  S.  Saval  Research  Laboratory,  Washington.  DC  203  75 

( Received  27  May  1988.  accepted  2  August  1988) 

Steel  ( AIS1-304)  disks,  polished  to  a  3 /am  diamond  finish,  were  implanted  to  doses  of  about 
2x  10'  Vcm:  with  NT  NiT  or  Ne~  ions.  Polishing  wear  rates,  measured  to  a  depth  resolution 
of  about  20  nm,  showed  that  each  of  the  implanted  disks  wore  20  Cc  to40T  faster  than 
nonimplanted  layers.  Auger  analysis  showed  ( 1 )  Gaussian-like  profiles  cf  the  N-impianted 
layer,  but  with  somewhat  enhanced  oxidation  of  the  surface,  and  (2)  a  sputter-limited 
implantation  profile  in  the  Ni-implanted  layer,  with  some  vacuum  carburization.  Transmission 
electron  microscope  analysis  indicated  that  polishing  produced  an  a'-martensite  layer  in  the 
mainly  austenitic  304  surface,  but  that  implantation  of  N  transformed  the  martensite  to 
austenite  at  the  outermost  layers  and  produced  iron  nitrides  below.  In  addition,  N  implantation 
stabilized  the  austenite  against  martensite  tran ’formation  during  subsequent  wear.  Martensite 
vanished  after  Ni  implantation  because  of  sputter  removal,  not  phase  transformation,  during  Ni 
bombardment.  The  Ne-implanted  layer  remained  predominantly  martensite.  Changes  in  wear 
rates  and  microstructures  were  confined  to  depths  commensurate  with  the  range  of  ions  in  the 
implanted  layer.  Several  hypotheses  on  the  effects  of  ion  implantat.on  on  microstructure  and 
wear  are  discussed. 


I.  INTRODUCTION 

The  wear  resistance  of  steel  is  very  sensitive  to  sur¬ 
face  chemistry  and  microstructure, as  witnessed  by 
the  numerous  thermochemical  and  thermomechanical 
treatments  available  for  improving  wear  behavior.1 
Austenitic  stainless  steels  are  a  particularly  pathological 
class  of  steels  in  wear  situations:  their  wear  resistance  is 
high  in  abrasion4 '  but  iow  in  sliding  contact.*  This  di¬ 
chotomy  can  also  be  seen  in  1011-implanted  304  steel, 
where  N  implantation  has  dramatically  increased  the 
sliding  wear  resistance7'*  but  caused  a  decrease  in  the 
abrasion  resistance.10  " 

In  order  to  explain  the  large  effects  found  in  N- 
implanted  304  steel,  many  compositional10  i:  1 '  and  mi- 
crostructural'4""  studies  have  been  performed,  but 
there  is  still  no  agreement  on  the  microstructures  at¬ 
tained  While  sliding  wear  tests  are  simple  to  perform, 
the  resulting  wear  surfaces  are  too  irregular  and  inho¬ 
mogeneous  to  be  studied  easily  by  transmission  electron 
micro- copy  (TEM),1"  thus  leaving  a  large  gap  in  our 
understanding  of  the  nucrostructural  basis  for  wear  be¬ 
havior  Polishing  wear  tests,  by  contrast,  produce  flat, 
smooth  surfaces,  thereby  making  polished  surfaces  very 
amenable  to  surface  analytical  techniques. 10  '*  lu  More¬ 
over,  wear  rates  in  polishing  tests  can  be  obtained  with  a 
depth  resolution  of  about  20  nm  ;i 

The  purpose  of  this  study  is  to  provide  a  chemical 
and  microstructural  basis  for  the  polishing  wear  behav- 
mr  of  304  steel  Guided  by  previous  studies  in  which  the 
decrease  in  wear  resistance  of  N-implanted  304  was  ac- 
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companied  by  an  a'-martensite  to  austenite  transforma¬ 
tion,14  we  elected  to  investigate  disks  implanted  with 
austenitic  stabilizers  (N  and  Ni)  as  well  as  an  inert  gas 
(Ne).  An  implantation  dose  of  2x  10,7/cm*  was  cho¬ 
sen,  as  this  dose  produces  the  optimum  sliding  wear  re¬ 
sistance  in  many  steels.* :::l 

At  these  high  fluences,  ion  implantation  alters  not 
only  the  subsurface  microstructure  but  also  the  surface 
composition  by  sputtering,  bombardment-induced  sur¬ 
face  chemistry,  and  solute  redistribution."  Therefore, 
in  addition  to  investigating  wear  behavior,  we  attempt 
to  properly  account  for  these  high-fluence  effects. 

In  Sec.  II,  experimental  techniques  are  described 
for  obtaining  abrasive  (polishing)  rates  and  sputtering 
yields  by  weight  loss  measurements,  as  well  as  composi¬ 
tions  and  microstructures  by  Auger  analysis  and  trans¬ 
mission  electron  microscopy  (TEM),  respectively.  In 
Sec.  Ill,  wear  behavior  and  materials  characterization 
are  presented  for  polished,  implanted,  and  implanted- 
then-pohshed  surfaces.  We  begin  Sec.  IV  by  discussing 
factors  contributing  to  the  variety  of  phases  obtained  in 
ion-implanted  steel,  then  attempt  to  identify  the  mecha¬ 
nisms  controlling  the  polishing  wear  behavior  of  ton- 
implanted  304  steel. 


II.  EXPERIMENTAL 

Disks,  12.7  mm  in  diameter  and  2  8  mm  thick,  were 
machined  from  304  steel  alloy  bar  sttxk,  ground,  fine 
ground,  and  polished  with  3  ;im  diamond  to  a  steady- 
state  finish  on  the  polishing  machine  to  be  used  for  the 
abrasive  wear  studies 
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Ion  implantation  was  performed  in  a  high-current 
Vanan/Extnon  implanter.  Polished  disks  were  mount¬ 
ed  on  a  water-cooled  holder  and  the  target  chamber  was 
cryogemcally  pumped  to  pressures  2x10  '’Terror  bet¬ 
ter.  Ions  were  implanted  to  doses  around  2x  lO'Vcnr 
and  at  energies  that  gave  projected  range  values  of  about 
50  nm,  that  of  40  keV  N*  ions  .n  steel.  Implantation 
parameters  and  sputtering  rates  were  computed  using 
TRIM/4  a  Monte  Carlo  simulation  program.  For  ra  :ge 
and  straggling  data,  a  target  composition  of  72%  Fe. 
20%  Cr,  and  8%  Ni  (in  at.  %).  hereafter  designated 
Fe20Cr8Ni,  was  assumed.  For  sputter  yield  data,  the 
metal  atom-to-ion  yield  was  computed  for  both  the  met¬ 
al  target  (as  above)  and  an  oxide-covered  metal  target. 
Predicted  concentrations  at  peak  depth,  calculated  from 
range  straggling  data  (see  Table  I  and  Appendix  for 
details),  varied  from  30  to  50  at.  %. 

Wear  tests  were  performed  by  polishing  implanted 
and  reference  (nommpianted)  disks  in  a  vibratory'  pol¬ 
isher  charged  with  3  /im  diamond  paste. 1 1  -5  In  this  pro¬ 
cedure,  two  reference  disks  were  polished  in  the  same 
holder  as  the  implanted  disk  at  a  mean  pressure  of  6400 
Pa.  Wear  rates  and  wear  depths  were  determined  by 
weighing  disks  wnh  microgram  precision  after  periods 
of  polishing.  The  relative  wear  resistance  ( R  WR )  of  an 
implanted  disk  was  calculated  as  the  inverse  of  the  wear 
rate  of  the  implanted  disk  normalized  to  that  of  the  non- 
implanted  disks.  The  number  of  implanted  sample  disks 
used  were.  6  with  N,  9  with  Ne,  and  2  with  Ni.  Weight 
changes  were  also  measured  before  and  after  implanta¬ 
tion.  in  order  to  determine  sputter  yields  during  implan¬ 
tation. 

Auger  sputter  depth  profiles  were  performed  on  N- 
and  Ni-implanted  304  steel  using  2  keV  Ar  4  ion  milling. 
Compositions  were  computed  by  normalizing  deriva¬ 
tive  data,  using  sensitivity  factors  acquired  from  bulk 
304  steel,  from  Cr  carbides  and  Fe  oxide  powders,  and 
by  nuclear  reaction  analysis  for  N  implantation."  Im¬ 
planted  Ni  concentrations  were  obtained  by  subtracting 
the  bulk  Ni  concentration,  assumed  to  be  8/72  »  0. 1 1 
times  the  Fe  concentration,  from  the  total  Ni  concentra¬ 
tion  Depth  scales  were  determined  from  depths  of  lon- 
milled  craters  measured  interferonietncally;  uniform 
sputtering  rates  were  assumed. 
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Foils  for  TEM  examination  were  prepared  by  slic¬ 
ing  a  layer,  roughly  0.4  mm  thick,  from  polished  or  im¬ 
planted  substrates,  mechanically  polishing  the  cut  side 
to  a  thickness  ofO.  1  mm,  punching  cut  3  mm  diam  disks, 
and  eiectrolytically  thinning  from  the  back  side.  Several 
disks,  prior  to  thinning,  had  their  front  sides  Ar’-ion 
milled  to  preselected  depths  in  the  Auger  spectrometer 
in  order  to  examine  the  structure  beneath  the  surface. 
Electron  diffraction  patterns  were  usually  taken  with 
the  largest  aperture,  giving  a  selected  are3  of  1 1 .6  /im. 


111.  RESULTS 

A.  Relative  wear  resistance 

Relative  wear  resistance  ( RWR )  versus  depth  data 
for  the  three  implantation  treatments  are  shown  in  Fig. 
j  The  individual  data  points  exhibit  considerable  scat¬ 
ter  due  to  the  short  polishing  intervals  and  very  small 
mass  losses  ( typically  tens  of  mtcrograms)  required  for 
obtaining  the  depth  resolution  shown.  The  dashed  lines 
are  smooth  curves  drawn  through  moving  averages, 
which  are  particularly  effective  in  reducing  the  oscilla¬ 
tions  due  to  weighing  errors.  Integrated  mass  losses 
were  less  subject  to  error,  as  they  were  derived  from  the 
starting  weights  minus  the  final,  values  which  were  large 
compared  to  the  weighing  errors. 

In  all  cases,  the  RWR  decreased  in  the  implanted 
layer.  The  smoothed  RWR  curves  had  minima  at  depths 
corresponding  to  the  calculated  mean  range,  then  re¬ 
turned  to  1,  indicating  that  the  decreased  wear  resis¬ 
tance  was  confined  to  the  implanted  layer.  Integrated 
mass  losses  over  the  depths  affected  by  the  implantation 
showed  that  implanted  N  caused  the  largest  loss,  fol¬ 
lowed  by  Ni  then  Ne.  These  results  are  summarized  in 
Table  II. 
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TABLE  ll.  Minimum  value*  of  RWR  curves  and  integrated  mass 
losses  (relative  to  N  implanted)  for  implanted  304  steel. 


Implant  species 

N 

Ni 

Ne 

Minimum  RWR  values 

055 

06 

065 

Relative  mass  loss 

10 

085 

042 

B.  Composition 

1 .  Weight  change  on  implantation 

Disks  were  weighed  before  and  after  implantation 
in  order  to  determine  the  thickness  of  matenal  removed 
by  sputtenng.  Disks  implanted  with  Ni  lost  weight, 
whereas  those  implanted  with  N  or  Ne  gained  (see  Ta¬ 
ble  III).  Weight  change  data  were  converted  to  sputter 
yields  according  to:* 

Y=(  -SMx N0)/(M: X .V, )  +  M,/M, , 

where  oM  is  the  change  in  mass,  Sn  is  Avogadro’s  num¬ 
ber,  .Vf,  and  A/,  are  the  mass  of  the  ion  and  target  atom, 
respectively,  and  rV,  is  the  number  of  ions.  Results  are 
given  in  Table  III,  along  with  two  sets  of  yields  calculat¬ 
ed  using  TRIM.24  Because  atoms  are  sputtered  mainly 
from  the  outermost  atomic  layers  and  metals  are  usually 
covered  with  an  oxide  layer,  TRIM  yields  were  calculat¬ 
ed  for  two  different  surface  conditions:  a  metallic  sur¬ 
face  of  composition  Fe20Cr8Ni  and  an  oxide-covered 
metal  composed  of  1  nm  Fe^O,  on  1  nm  Cr-O,  on 
Fe20Cr8Ni.  Parameters  used  in  the  TRIM  yield  calcu¬ 
lations  were:  surface  binding  energy  »  5. 1  eV  [  Ref.  27  ] 
and  densities  of  8.2  g  cm~*  for  the  metal  and  5.2 
g  em'1  for  the  oxide. 

As  seen  in  Table  III.  the  sputter  yields  were  less 
than  1  for  N  and  Ne  but  greater  than  1  for  Ni.  The 
measured  yields  for  N  and  Ne  lie  between  the  calculated 
values  of  the  metal  and  an  oxide-covered  metal,  suggest¬ 
ing  that  an  oxide  layer  was  retained  on  the  304  surface 
throughout  the  implantation  period.  The  calculated 
sputter  yield  for  Ni,  however,  is  closer  to  that  of  the 
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J04  sieel 
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metal  surface,  indicating  that  the  oxide  layer  was  rapid¬ 
ly  sputtered  away  and  then  considerable  sputtenng  of 
the  metal  occurred. 


2.  Auger  analysis 

An  Auger  sputter  depth  profile  for  N  atoms  in  pol¬ 
ished  304  steel  is  shown  in  Fig.  2.  At  this  fluence,  the  N 
profile  is  similar  to  the  predicted  TRIM  profile  (also 
shown)  and  the  peak  concentration  of  approximately  33 
at.  %  is  consistent  with  the  calculated  concentration  for 
N  as  an  interstitial  species  (see  Appendix).  (More  de¬ 
tailed  presentations  of  the  dose  dependence  and  chemi¬ 
cal  state  of  the  N  atoms  implanted  into  polished  304 
steel  disks  can  be  found  in  Refs.  10,  12,  and  13.) 

Auger  analysis  also  showed  that  the  oxide  layers  on 
N-impianted  disks  were  from  one  to  three  times  thicker 
than  on  nonimplanted  polished  disks,  estimated  to  be 
approximately  1  nm  [Ref.28].  Figure  3  presents  Auger 
depth  profiles  of  a  polished  surface  and  of  one  of  the 
thicker  oxide  films  examined.  (The  broader  lines  depict 
Fe  and  Cr  in  an  oxidized  state,  as  determined  from  the 
LVV  Auger  spectra.^)  These  oxides,  which  grew  in  the 
high-vacuum  chamber  ( I  x  iu~®  Torr  base  pressure) 
during  implantation,  probably  contributed  to  the  low 
sputter  yield  (Table  III)  during  N  (and  probably  Ne) 
implantation.  The  oxides,  however,  did  not  significantly 
affect  wear  resistance;  after  a  short  period  of  polishing, 
the  oxides  on  N-implanted  disks  attained  the  same 
thickness  as  on  nonimplanted  disks. 10 

Unlike  N.  Ni  implantation  resulted  in  a  depth  pro¬ 
file  (shown  in  Fig.  4)  that  was  not  Gaussian-like;  rather, 
it  resembled  a  sputter-limited  profile  with  the  maximum 
Ni  concentration  close  to  the  surface.  We  estimate  the 
thickness  of  the  layer  removed  by  sputtering  during  Ni 
implantation  (dose  «■  2X  10"/cm:)  to  be  about  50  nm. 


FIO  ]  Auger  tpuiter  dep<h  profile  and  calculated  ( by  TRIM)  depth 
prodle  of  N  implanted  KM  tteel 
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FIG  3.  Auger  spuuer  ciepm  proxies  of  ox¬ 
ide  layers  on  »a)  nommpunied  and  { b )  N- 
impUmed  304  «eet  The  broader  lines  de¬ 
pict  Fe  and  Cr  in  an  oxidized  state,  as 
determined  from  the  LVV  Auger  spectra 


using  the  yield  data  in  Table  III  and  an  atomic  density 
for  304  steel  of  8.6  x  lO-"  atoms/cm Both  N  and  Ni 
profiles,  nowever,  were  commensurate  with  the  depth 
over  which  the  RWR  data  showed  decreases  in  Fig.  1.  A 
second  difference  was  that  the  oxide  layers  on  Ni-im- 
planted  304  steel  were  no  thicker  than  those  found  on 
poiished  surfaces.  Finally,  a  carbon  profile  extended  to  a 
depth  of  about  45  nm  below  the  oxide  layer.  This  type  of 
profile,  indicative  of  vacuum  carburization,  is  common 
in  steels  whose  surfaces  are  sputter  eroded  during  im¬ 
plantation,  exposing  carbide-forming  elements  like 

Cr.'M-v 

Elemental  Ne  profiles  could  not  be  obtained  bv  Au¬ 
ger  sputter  depth  profiling.  However.  Ne  retention  in 
disks  implanted  to  2  x  10'Vcnr  at  55  keV  was  con¬ 
firmed  hy  both  electron  microprobe  and  nuclear  reac¬ 
tion  analysis.  Oxide  films  on  Ne-implanted  304  steel 


Of  (*Tm  irv^n 

MG  4  \  uffi  sptiHff  depth  proftlf  of  Ni  impUrHttJ  \CA  utti 


were  similar  in  composition  and  thickness  to  N-tm- 
planted  steels  (Fig.  3). 

C.  Microttructur* 

Microstmctures  of  surfaces  have  been  character¬ 
ized  by  electron  diffraction  patterns  from  back-thinned 
surface  layers.  In  Fig.  5,  patterns  taken  after  different 
treatments  are  arranged  to  show  the  changes  in  austeni¬ 
tic  and  martensitic  reflections.  Most  reflections  were 
circular  or  ''mriy  so,  and  those  shown  here  are  charac¬ 
teristic  of  t.v.  d!  pattern.  A  few  reflections,  from  deeper 
material  or  from  a  phase  present  in  very  small  amount, 
were  more  isolated  or  segmented,  and  may  appear 
stronger  or  weaker  than  their  overall  pattern  showed. 
Because  the  ( 1 10)  ar'-martensite  and  (III)  y-austemte 
reflections  lie  so  close  together,  the  phases  are  best  iden¬ 
tified  by  the  (200)  and  (220)  for  the  austenite  and  the 
( 200)  and  especially  the  (211)  for  the  martensite. 

The  diffraction  pattern  of  the  nonimplanted,  pol¬ 
ished  surface,  shown  in  Fig  5(a).  displayed  strong  o'- 
martensite  reflections  as  well  as  the  austenite  rings  A 
small  amount  of  e-niartetisite  was  also  found  After  re¬ 
moving  (by  ion  milling)  50  nm  from  the  surface  of  a 
similarly  polished  disk,  the  martensite  reflections  were 
weak  and  difficult  to  find,  as  seen  in  Fig  5(b).  Hence, 
the  polish-induced  martensite  layer  was  less  than  50  nm 
deep.  The  presence  of  a  thin  (10  nm)  a  martensite 
phase  on  a  "mechanically  polished"  304  steel  disk  has 
also  been  detected  by  Amaud  elal.,"  using  grazing  inci¬ 
dence  x-ray  diffraction. 

After  implantation  with  N,  martensite  was  almost 
completely  eliminated  from  the  polished  surface,  as  seen 
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FIG.  5.  Large  aperture  electron  diffrac¬ 
tion  patterns  from  polished  304  steel 
surfaces:  (a)  nonimplanted:  (b)  nonim- 
planled  but  ion  milled  50  nm;  (c)  im¬ 
planted  2x  10"  NVcirr’,  40  keV;  (d) 
implanted  2x10"  NiVcm.  175  keV; 
(e)  implanted  2.4X  10"  Ne'/cm;,  55 
keV. 


in  Fig.  5(c).  The  diffraction  pattern  is  reproduced  in 
Fig.  6  to  allow  a  clear  labeling  of  all  reflections.  Three 
phases  can  be  distinguished:  the  short  arcs  belong  to 
austenite  (y)  lying  beneath  the  implanted  layer  while 
the  remaining  continuous  lines  can  be  indexed  to  <• 
Fe.N,  _A  and  to  austenite  expanded  by  N  atoms  in  solid 
solution  (yN  ).  The  lattice  parameter  for  this  dilated 
austenite  is  0.370  +  0.001  nm.  This  dilation  would  cor¬ 
respond  to  13  at.  %  N  tn  solid  solution,  based  on  the 
lattice  expansion  coefficient  found  for  austenite  at  low- 
N  concentrations  (0.84  fm  per  at.  %  N).,J  These  line 
identifications  represent  a  reinterpretation  of  previous 
work,  in  which  some  f-nitnde  reflections  had  been  iden¬ 
tified  as  dilated  austenite. 1:1  As  shown  in  an  earlier 
study,  the  dilated  austenite  phase  must  reside  near  the 
surface,  since  it  was  not  detectable  after  37  nm  of  the 
implanted  layer  was  removed  by  ion  milling. 15  The  ni¬ 
tride  reflections,  however,  were  still  present  at  this 
point. 

After  implantation  with  Ni.  austenite  again  became 
the  predominant  phase  and  martensite  was  almost  com¬ 


pletely  eliminated  (Fig.  5(d)].  The  diffraction  pattern 
of  Ni-implanted  304  showed  no  lattice  dilation,  as  ex¬ 
pected,  since  Ni  atoms  occupy  substitutional  lattice 
sites.  As  presented  earlier,  sputtering  during  Ni  implan¬ 
tation  removed  50  nm  of  the  polished  surface  layer. 
Therefore,  it  is  likely  that  most  of  the  polishing-induced 
martensite,  which  resided  in  the  outermost  50  nm,  was 
sputtered  away.  Nonetheless,  it  should  be  pointed  out 
that  earlier  studies  showed  that  Ni  implantation  into  the 
bulk  304  martensite  specimens  did  transform  martensite 
to  austenite,”  suggesting  that  the  Ni-induced  transfor¬ 
mation  could  also  have  occurred  in  polished  surfaces. 

Unlike  N  and  Ni  implantation,  Ne  implantation  did 
not  remove  martensite  from  the  surface,  as  shown  by  the 
strong  martensite  reflections  in  Fig.  5(e).  In  addition, 
austenite  reflections  in  the  Ne-implanted  surface  were 
about  as  intense  as  those  in  the  polished  surface  [Fig. 
5(a) ).  Ne  implantation,  therefore,  did  not  cause  signifi¬ 
cant  martensite-to-austenite  or  austenite-to-martensite 
transformations. 

Microstructures  of  polished  and  implanted  surface 
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FIG  b  Portion  of  an  electron  diffraction  pattern  from  nitro(en  im¬ 
planted.  polished  304  steel  surfaces,  as  in  Fig.  3(c),  showing  reflec¬ 
tions  for  underlying  austenite  (y).  implanted  austenite  (yH).  and 
hexagonal  f-nnride.  The  reflection  does  not  appear  in  this  part  of 
the  pattern. 


layers  are  presented  in  the  transmission  electron  micro¬ 
graphs  of  Fig.  7.  The  polished  surface  [Figs.  7(a)- 
7(c)  J  showed  a  dense  dislocation  structure,  with  the 
austenite  a  largely  continuous  phase  and  the  martensite 
a  smaller  and  more  discrete  phase.  Because  of  high 
strain,  only  a  portion  of  the  austenite  present  actually 
appeared  "bright"  in  the  dark-field  micrograph.  Fig. 
7(b)  Similarly,  more  martensite  was  present  than  is 
visible  in  Fig  7(c).  In  the  implanted  surface,  the  fine- 
scale  implantation  damage  is  difficult  to  observe  against 
the  high  dislocation  density  already  present.  In  the  cases 
of  Ni  and  N'e  implantation,  no  new  phases  are  present 
and  the  implanted  layer  looks  similar  to  Fig.  7(a).  For 
N  implantation,  nitride  precipitates  formed  and  can  be 
seen  [  Fig.  7(d) )  asdark  features  10-80 nm  i.t diameter. 
Table  IV  summarir.es  the  microstructures  observed  in 
polished  and  ion-implanted  polished  304  steel  surfaces. 

Ihe  phase  stability  of  the  N-impianted  surface  un¬ 
der  the  stress  of  wear  has  been  investigated  by  TEM 
studies  of  a  surface  worn  part  way  through  the  implant¬ 
ed  layer  A  polished  surface,  whose  diffraction  pattern  is 
shown  in  Fig.  8(a).  was  subsequently  implanted  with  N 


( 2  X  10' Vcm:  at  75  keV  to  produce  a  deeper  and  thicker 
implanted  layer)  and  then  worn  an  additional  70  nm 
(just  short  of  the  N  concentration  peak).  Diffraction 
patterns  of  the  as-implanted  surface  (not  shown)  indi¬ 
cated  that,  at  this  dose/energy  condition  (i.e.,  lower  N 
Cuiicentration),  the  yN  phase  was  strong  whereas  the  e- 
nitride  phase  was  not  detected  in  the  implanted  layer. 
The  diffraction  pattern  of  the  implanted  then  polished 
surface  [Fig  8(b)]  displayed  strong  austenite  reflec¬ 
tions,  again  showing  the  yN  phase,  but  only  weak  mar¬ 
tensite  reflections,  in  contrast  to  the  strong  martensite 
reflections  of  the  as-polished  surface  [Fig.  8(a)  ].  The 
weak  martensitic  reflections  from  the  implanted-then- 
polished  layer  may  have  arisen  from  material  below  the 
implanted  layer.  Thus,  N  implantation  not  only  trans¬ 
formed  the  martensite,  it  also  stabilized  the  surface 
against  reversion  to  martensite  during  subsequent  po¬ 
lishing  wear.  Wang  etal.n  have  reported  that  N  implan¬ 
tation  stabilized  the  austenitic  304  steel  phase  from 
transforming  to  martensite  during  fatigue  deformation. 


IV.  DISCUSSION 

A.  Factors  contributing  to  ion-implanted 
microstructures 

There  is,  at  present,  no  consensus  on  what  phases 
should  form  ir.  N-implanted  stainless  steel.  A  number  of 
nitride  phases,  usually  containing  chromium  or  chro- 
miumiron-ircn  nitrides,  have  been  detected,161711  14 15 
and  their  occurrence  is  N  concentration  dependent. 54 
The  iron  nitride  found  in  the  present  study  undoubtedly 
contains  some  chromium  and  is  a  phase  that  should  be 
relatively  stable  under  irradiation.16  Martensite  has  also 
been  found  in  austenitic  stainless  steels  implanted  with 
N"*  ions  as  well  as  other  ions.916171*  As  martensite 
forms  in  response  to  stress,  implantation-induced  mar¬ 
tensite  has  been  attributed  to  the  stresses  produced  by 
interstitial  atoms,  precipitates,  or  the  presence  of  gas 
bubbles  (e  g.,  with  Kr  and  Ar  implantation).  ,'  J“  N  im¬ 
plantation  has  also  been  shown  to  form  and  stabilize 
austenite  in  both  304  steel,  as  shown  by  a  previous  study 
of  heavily  martensitic  304  steel,1'  as  well  as  in  ferritic 
iron'9  and  steel.40 

This  v-riety  of  phases  in  N-implanted  steels  may  be 
due  to  differences  in  the  initial  surface  microstructure. 
In  the  present  study,  the  304  steel  surface  was  heavily 
deformed  and  martensitic  to  begin  with,  in  contrast  to 
’he  more  commonly  used  eiectropolished,  austenitic 
surface.  The  high  dislocation  density  of  this  heavily  de¬ 
formed  surface  may  serve  to  trap  the  N  atoms,  reducing 
the  resultant  stress  and  changing  the  conditions  for  the 
nucleation  of  nitrides.  Thus  the  implantation-induced 
phases  may  depend  on  the  starting  microstructure, 
whether  annealed  austenite,  deformed  austenite,  or 
martensite. 
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FIG.  7.  The  TEM  micrographs  of 
polished  304  steel  surfaces,  (a)-(c) 
nonimplanted.  '(d)  implanted 
2x  I0‘7  N  Vcm:  at  40keV;  (a)  and 
(d)  bnght  field,  (b)  dark  field. 
g=(220)  y,  ( c )  dark  field. 
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The  task  of  identifying  a  mechanism  that  controls 
the  abrasion  behavior  of  implanted  304  steel  is  particu¬ 
larly  difficult  because  the  mechanisms  of  polishing  wear 
are  not  well  understood.41  One  property,  hardness,  is 
commonly  associated  with  abrasion  resistance1"’  and. 
spccilically.  with  low-stress,  three-body  abrasion  ex¬ 
pected  of  polishing  "  However,  preliminary  studies  of 
'a  14  steels  haveshown  that  N  implantation  increased  the 
sinf.kc  hardness. 1 1  "  which  would  predict  increased 
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FIG-  8.  Large  aperture  electron  dif¬ 
fraction  patterns  from  polished  304 
steel  surfaces:  (a)  nommplanted. 
(b)  implanted  2v  |0 ' 7  N  Vcm\  75 
keV  then  polished  70  nm. 
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tance  can  decrease,  despite  an  increase  in  hardness, 
when  fracture  toughness  becomes  a  dominant  factor. 
Moore  et  al  ,4V  investigating  the  strength  of  alloy  sur¬ 
faces  strained  by  wear,  found  that  ductile  fracture  limits 
their  strength  and  thereby  controls  wear.  They  showed 
that  pure  metals,  although  relatively  soft,  attained  high 
wear  resistance  because  of  their  high  ductility.  In  alloys 
where  solid  solution  and  second  phase  strengthening  re¬ 
duce  ductility,  fracture  occurred  at  lower  strain  levels. 
Interstitial  solid  solutions  were  found  to  be  most  effec¬ 
tive  in  reducing  ductility  whereas  dispersed  precipitates 
were  the  least  effective. 

The  mechanical  behavior  of  metals  alloyed  by  ion 
implantation  can  be  affected  in  a  similar  manner.  Spitz- 
nagel  et  ol'"  measured  the  stress-strain  behavior  of 
thin,  implanted  304  steel  foils  and  found  that  while  N 
and  He  implants  increased  the  yield  strength,  they  dras- 
iir-Uy  reduced  the  strain  to  failure  (ductility).  We  sug¬ 
gest  that  in  the  present  experiment,  implantation  of  N, 
Ni.  or  Ne  decreased  the  ductility  of  304  steel  for  the 
following  reasons.  It  is  well  known  that  implantation 
produces  defect  clusters  and  small  dislocation  loops  in 
metals  and  that  these  defects  decrease  ductility.'1  More¬ 
over.  implanted  atoms  themselves  further  dimmish  duc- 
tihty  by  solid  solution  strengthening:  N,  demonstrated 
by  TEM  diffraction  to  be  an  interstitial,  would  be  the 
most  effective  of  the  three:  Ni,  a  substitutional  solute  in 
304,  would  have  less  effect;  and  least  effective  would  be 
Ne.  which,  at  I  he  dose  used  here,  isexpcctcd  tocomcout 
of  soluiion  and  precipitate  as  a  dispersion  of  gas  bub- 
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bles.52  As  shown  in  Table  II,  this  is  the  order  of  effective¬ 
ness  for  the  three  implants.  We  speculate,  therefore,  that 
implantation-induced  defects  and  the  implanted  solute 
atoms  cause  decreased  ductility  and  fracture  toughness, 
thereby  reducing  the  intrinsically  high  abrasive  wear  re¬ 
sistance  of  304  steel. 

V,  SUMMARY  AND  CONCLUSIONS 

We  have  identified  the  near-surface  composition 
and  microstructure  of  polished  304  steel  whose  wear 
resistance  was  reduced  by  ion  implantation.  Oxide  for¬ 
mation  appears  to  keep  the  already  low  sputtering  yield 
of  N-  and  Ne-implanted  304  steel  even  lower.  Sputtering 
during  Ni  implantation  removed  most  of  the  martensite 
layer  formed  during  polishing  (approximately  50  nm) 
and  resulted  in  a  sputter-limited  Ni  profile  and  a  vacu¬ 
um-carburized  implanted  layer.  Implantation  of  the 
austenite-stabilizing  element  N  into  martensitic  sur¬ 
faces  brought  about  a  martensite-to-austenite  phase 
transformation  and  formed  a  two-phase  austenite-ni¬ 
tride  structure  that  was  stable  under  wear.  The  Ni-im- 
planted  surfaces  were  austenitic,  due  mainly  to  removal 
of  the  martensite  by  sputtering.  The  N'e-implar.ted  sur¬ 
faces  appeared  to  have  retained  the  martensite  of  the 
polished  surface. 

The  three  implanted  species  generated  qualitatively 
similar  polishing  wear  behavior,  each  reducing  the 
RWR  over  depths  commensurate  with  the  implanted 
layer's  thickness,  despite  producing  different  composi¬ 
tions  and  microstructures.  This  diversity  in  microstruc¬ 
ture  makes  it  unlikely  that  a  specific  implantation-in¬ 
duced  phase  could  have  decreased  the  abrasion 
resistance.  A  quantitative  ranking  of  the  three  species 
puts  N  as  the  most  effective  followed  by  Ni  then  Ne  in 
reducing  the  wear  resistance.  After  demonstrating  that 
this  ranking  was  consistent  with  solute-controlled  re¬ 
ductions  of  ductility,  we  suggested  that  the  decrease  in 
abrasion  resistance  is  due  to  a  decrease  in  ductility  of 
304  steel  brought  about  by  implanted  solutes  and  irra¬ 
diation  defects. 
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APPENDIX 

The  maximum  concentration  of  implanted  ions,  as¬ 
suming  a  Gaussian  distribution,  occurs  at  a  depth  given 
by  the  mean,  or  projected,  range.  This  "peak"  (i.e„  at 
peak  depth)  concentration,  Nf  (atoms/cm1),  depends 
only  on  the  range  straggling,  SRP  (cm),  and  dose,  F 
(atoms/cm:),  and  is  calculated  as 

N,  =0 AxF/6R,  . 


The  peak  concentration  for  ions  I,  which  enter  a  lattice 
interstitially,  can  be  calculated  (in  at.  %)  as 

[/]  =  lOOXiVOV,  +p ) 
and  for  ions  that  enter  the  lattice  substitutionally  as 
[/]  =  iOOxW/p, 

where  p  is  the  atomic  density  of  the  nonimplanted  lat¬ 
tice.  For  304  steel,  having  an  atomic  composition  of 
Fe20Cr8Ni,  the  atomic  density  is  p  =  8.6X10" 
atoms/cm3. 
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ION-BEAM  ALLOYING  AND  THERMOCHEMISTRY  OF  CERAMICS  AT  HIGH 
TEMPERATURES. 


l.L.  Singer  and  J.H.  Wandass1  . 

U.S.  Naval  Research  Lab.  Code  6170.  Wash.D.C.  20375. 


1.  INTRODUCTION 

High  fluence  ion  implantation  affords  the  possibilities  of  creating  unique  materials  by 
overcoming  chemical  or  physical  processing  limitations.  Recently  there  has  been 
considerable  interest  in  high-fluence  implantation  into  heated  substrates  in  the 
semiconductor  industry,  where  this  "hot*  implantation  process  has  been  shown  to  produce 
buried  dielectric  layers  in  Si  (Ref.  1).  Hot  implantation  into  metals  [Ref.  2)  and  ceramics 
[Ref.  3)  has  also  been  investigated  for  producing  graded  interfaces  with  improved  surface 
mechanical  properties.  Unlike  'low*  temperature  implantation,  which  sustains  only 
athermal  mechanisms  for  solute  redistribution  and  usually  produces  metastable  phase 
formation  [Ref.  4,5,6],  hot  implantation  should  be  controlled  by  thermal  processes  (e  g., 
thermochemical  reactions,  diffusion,  and  defect  annealing)  leading  to  stable-phase 
formation.  Hot  implantation  metallurgy,  however,  is  expected  to  be  more  complicated  in 
engineering  materials  than  in  Si  because  three  or  more  elements  are  generally  involved. 

This  paper  has  two  goals.  The  first  is  to  show  the  type  of  solute  redistribution  that 
can  occur  during  high  fluence  implantation  of  Al*  and  Ti*  into  two  ceramics,  SiC  and 
Si3N4,  at  high  temperatures.  The  second  is  to  demonstrate  how  simple  calculated  ternary 
phase  diagrams  can  prov^e  guidelines  for  interpreting  the  rather  complicated 
compositions  obtained  during  "hot*  implantation  and  ion  mixing  of  metals  in  ceramics. 

2.  EXPERIMENTAL 

2  1  Siitanais  Preparation,  and.,. Ian. .imoJinaiian 

Commercial  SiC  and  Si3N4  substrates  (SiG  ESK.  high-density  sintered  alpha;  Si3N4: 
Norton  NC132,  MgO  hot-pressed  and  Ceradyne  147,  Y2Os  hot-pressed)  were  polished  to  a 
3-#im  diamond  finish.  Ion  implantation  was  performed  at  NRL  in  a  Varian/Extrion  high 
current  implanter.  Base  pressures  before  implantation  were  in  the  10'7  Torr  range.  Ti* 
ions  were  implanted  at  and  energy  of  190  keV  and  Al*  ions  at  110  keV,  both  to  a 
fluences  of  4  x  I017  ions/cm1,  in  order  to  achieve  approximately  45  at.  %  peak 
concentration  at  the  same  depth  in  both  SiC  and  S»3N4.  The  predicted  range  and  range 
straggling  values  for  the  four  combinations  are  about  116  nm  and  36  nm,  respectively 
[Ref.  7). 

During  implantation,  substrates  were  either  held  at  room  temperature  or  implanted 
"hot.*  "Hot*  implantation  denotes  direct  heating  of  the  substrates  by  the  intense  ion 
beam  (up  to  40  pA/cm2)  and  was  achieved  by  suspending  the  substrates  in  a  Mo  sheet 
basket  during  implantation.  An  optical  p>rometer,  calibrated  by  a  thermocouple,  was  used 
to  monitor  the  substrate  temperature.  A  few  minutes  after  implantation  commenced, 
substrates  reached  temperatures  of  900  °C.  For  both  cold  and  hot  implantation 
conditions,  substrates  were  partially  masked  in  order  to  retain  a  nonimplanteC  area  of 
each  surface. 
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2.2.  Surface  Analysis 

The  near  surface  composition  was  investigated  by  X-ray  Photoelectron  Spectroscopy 
(XPS).  XPS  was  performed  with  monochromatized  A1  X-rays  in  a  Surface  Science 
Instrument  (SSI)  small-spot  analyzer.  Sputter  depth  profiling  was  accomplished  using  3 
keV  Ar+  ion  bombardment.  Depths  of  the  ion-milled  craters  were  measured  by  Michelson 
interferometry.  Data  analysis  was  performed  using  SSI  software  routines.  Composition 
vs  depth  profiles  were  quantified  by  integrating  the  photoelectron  spectra  and 
normalizing  them  using  SSI’s  modified  Scofield  cross  sections.  Scanning  electron 
microscopy  (SEM)  and  energy-dispersive  X-ray  analysis  (EDX)  were  performed  in  a 
commercial  instrument. 

3.  RESULTS 

3.1.  Al-implantation.  Scanning  electron  microscopy  of  implanted  SiC  showed  submicron- 
size  spherical  particles  distributed  uniformly  over  the  implanted  surface.  These  particles 
can  be  seen  in  the  SEM  micrograph  in  Fig.  1,  surrounding  the  Vickers’  indentation  in  the 
hot-implanted  surface.  EDX  analysis  (V.  *  5  keV)  on  a  sphere,  between  the  spheres  and 
over  wide  areas  gave  Al/Si  ratios  of  2.5,  0.4,  and  0.5  respectively,  indicating  that  the 
spheres  were  composed  mainly  of  Al. 
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FIGURE  I.  Scanning  electron  micrograph 
of  Al-impianted  (hot)  SiC  surface,  showing 
Al-rich  spheres. 
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FIGURE  2.  X  1'S  sputter-depth  profile  of  Al-implanted  (hot)  SiC. 
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FIGURE  3.  XPS*  sputter-depth  profile  of  Al-implanted  (hot)  Si3N4. 

In  order  to  obtain  reliable  XPS  depth  profiles  of  the  hot  implanted  SiC  layer,  the  Al 
spheres  were  etched  off  the  surface  with  a  20%  aqueous  sodium  hydroxide  solution.  The 
XPS  depth  profile,  displayed  in  Fig.  2,  shows  a  flat  Al  concentration  of  17%  to  a  depth 
of  about  200  nm.  Room  temperature  implantation  profiles  (not  shown),  by  contrast, 
showed  a  Gaussian-like  distribution,  with  a  peak  concentration  at  110  nm  of  around  40 
at.  %.  Apparently,  in  the  hot- implanted  substrate,  Al  moved  to  the  surface  during 
implantation  and,  because  the  temperature  was  above  the  melting  point  of  Al  (ca.  660°C 
in  bulk),  it  melted  and  formed  droplets  of  Al. 

An  XPS  depth  profile  of  the  hot  implanted  Si3N4  layer  is  shown  in  Fig.  3.  This 
profile  was  more  nearly  Gaussian,  although  it  too  displayed  a  somewhat  flat  top,  leveling 
out  at  a  concentration  of  about  40  at.  %.  Room  temperature  Al  implantation  showed  a 
more  sharply  peaked  Gaussian  profile  tnot  shown V 
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.TGURE  4.  XPS  sputter-depth  profile  of  Ti-impianted  (hot)  SiC. 
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FIGURE  5.  XPS  sputter-depth  profile  of  Ti-implanted  (hot)  SisN4. 

3.2.  Ti-implantation.  XPS  depth  profiles  of  Ti  implanted  (hot)  into  SiC  and  Si3N4  are 
shown  in  Figs.  4  and  5,  respectively.  These  profiles,  reported  and  discussed  elsewhere 
(Ref.  3],  are  presented  here  for  comparison  with  the  hot  Al  implantation  profiles.  The  Ti 
depth  profile  in  the  SiC  substrate  shows  a  Gaussian-like  distribution,  similar  to  sat 
found  in  the  room  temperature  Ti-implanted  SiC.  By  contrast,  in  the  hot-implanted 
Si3N4  substrate,  the  profile  shows  considerable  Si  outmigration  combined  with  TiN 
formation  at  two  depths.  These  features  have  also  been  confirmed  by  TEM  and  RBS 
analysis  [Ref.8],  the  latter  a  profiling  technique  which  does  not  suffer  from  preferential 
sputtering  and  the  resultant  composition  changes  often  found  in  XPS  profiles. 

4.  DISCUSSION 

In  order  to  understand  the  compositions  achieved  by  high  fluence,  hot  implantation 
into  compounds,  both  thermdynamic  and  kinetic  factors  should  be  considered.  In  this 
paper,  however,  we  focus  only  on  thermodynamics;  in  particular,  on  a  simple  method  for 

predicting  possible  solute  redistribution  and  phase  formation.  The  method  relies  on 

calculated  ternary  phase  diagrams,  or  more  accurately,  on  isothermal  sections  of 

calculated  ternary  -'-.ase  diagrams.  Similar,  diagrams  have  been  used  recently  to 

rationalize  interfacial  reactions  in  a  number  oT  metal-Si-0  systems  (Ref.  9]  and  ternary 
semiconductor  systems  (Ref.  10). 

Ternary  or  higher  order  phase  diagrams  provide  the  correct  description  of  competing 
phases  where  three  or  more  components  are  in  thermodynamic  equilibrium  (Ref.  11). 
Unfortunately,  complete  ternary  phase  diagrams  are  not  available  for  most  materials  at 
all  temperatures  of  interest.  For  the  purpose  of  assessing  possible  compositions  in  the 
highly  nonequilibrium  environment  of  the  implanted  layer,  one  may  use  readily  available 
(albeit  of  variable  quality)  thermochemical  data  to  calculate  ternary  phase  diagrams  for 
the  elements  of  interest.  In  practice,  one  computes  the  stable  "tie-lines*  of  the  ternary 
system,  i.e.,  lines  joining  binary  compounds  that  do  not  react  with  one  another.  In  the 
present  treatment,  we  limit  ourselves  to  ternary  phase  diagrams  incorporating  binary 
compounds,  (see  Appendix  for  more  details.) 

Calculated  ternary  phase  diagrams  for  Al-Si-C  and  Al-Si-N  are  shown  in  Figs.  6  and 
7.  For  Al-Si-C,  two  diagrams  are  shown  because  calculations  showed  that  the  tie  lines 
may  have  switched  from  Si-Al4Cs  to  Al-SiC  at  570°C  or  900®C,  depending  on  the 
thermochemical  data  used  (see  Appendix).  The  two  tie  lines  for  the  Al-Si-N  diagram, 
however,  were  found  to  be  stable  at  all  temperatures. 
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FIGURE  6.  Calculated  ternary  phase  diagrams  for  the  Al-Si-C  system  at  'low*  and  "high* 
temperatures,  (see  Appendix  for  details.) 
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FIGURE  7.  Calculated  ternary  phase 
diagrams  for  the  Al-Si-N  system. 


According  to  the  'low*  temperature  Al-Si-C  diagram,  Al  initially  reacts  with  SiC  to 
form  Al<Cj,  plus  elemen'al  Si.  By  constructing  a  reaction  line  from  Al  to  SiC,  one  finds 
'hat  no  elemental  Al  is  produced  until  the  concentration  of  A!  reaches  42  at.  %. 
However,  in  the  'high*  temperature  Al-Si-C  syitem,  elemental  Al  is  the  stable  product  n 
all  concentrations.  Coasidering  the  experimental  data  in  Fig.  2,  we  suggest  that  at  this 
temperature  (900°C),  implanted  Al  remained  a  solute  species  and  was  able  to  diffuse  out 
of  the  implanted  layer.  On  reaching  the  surface  whose  temperature  far  exceded  the 
melting  point  of  Al  (660<>C),  the  Al  agglomerated  into  the  droplets  seen  in  Fig.  1. 

By  contrast.  Fig.  3  shows  that  very  little  Al  migrated  out  of  the  hot-implanted  Si3N4 
layer  because  most  of  the  Al,  according  to  Fig.  7,  tends  towards  compound  AIN,  not 
elemental  Al,  formation.  At  Al  concentrations  above  36  at.  %,  however,  free  Al  should 
form,  which  could  account  for  the  flattening  of  the  hot-implanted  Al  profile  at  peak 
concentrations  about  40  at.  %. 

To  more  easily  visualize  and  better  quantify  compound  formation  in  implanted  layers, 
we  have  constructed  hypothetical  phase  distribution  vs  depth  profiles  for  the  two  ternary 
systems.  These  profiles  were  calculated  from  the  Al-Si-C  ami  <-»i-Si-N  ternary  diagrams 
in  Figs.  6  and  7,  using  the  lever  rule  applied  to  the  Gaussian  depth  distributions 
predicted  for  the  energy/fluence  conditions  used.  The  phase  profiles  for  SisN4  implanted 
with  Al  to  a  fluence  of  4  x  lO^/cm1  at  110  keV  are  shown  in  Fig.  8.  One  observes 
the  reaction  products  AIN  and  Si  throughout  the  implanted  layer  and  elemental  Al  from  a 
depth  of  100  to  MO  nm.  This  is  the  depth  i-nge  where  the  measured  Al  profile  in  Fig.  s 
flattened  out.  The  phase  profiles  for  SiC  implanted  with  Al  to  4  x  lO'Vcm1  at  110  keV 


are  shown  in  Fig.  9.  As  expected,  the  profiles  give  a  Gaussian  profile  of  elemental  Al  in 
a  diluted  SiC  matrix.  These  profiles  are  particularly  useful  for  a  systems  like  Al-Si-N  or 
even  the  more  complex  Ti-Si-N  ternary  [Ref.  S)  where  mixtures  of  compounds  and 
elements  are  present. 


FIGURE  8  Calculated  phase  distributions  vs  depth  distribution  for  Al  implanted  at  110 
keV  to  a  fluence  of  4  x  1017/cmJ  into  SisN4.  (left) 


FIGURE  9.  Calculated  phase  distributions  vs  depth  distribution  for  Al  implanted  at  110 
keV  to  a  fluence  of  4  x  1017/cmJ  into  SiC.  (right) 


FIGURE  10.  Calculated  ternary  phase  diagrams  for  the  Ti-Si-N  system. 

FIGURE  11.  Ternary  phase  dirgrams  for  the  Ti-Si-C  system,  adapted  from  Ref.  13. 

Calculated  ternary  phase  diagrams  have  been  used  in  a  simitar  fashion  to  explain  the 
concentration  vs  depth  prof:':i  of  Ti  implanted  into  SijN4  and  SiC  (Figs.  4  and  5).  The 
calculated  Ti-Si-N  diagram  [Ref.  12)  is  shown  in  Fig.  10.  In  the  reaction  of  Ti  with 
Si,N4,  elemental  Si  is  produced  at  all  concentrations  of  Ti  up  to  about  44  it.  %  because 
of  the  tie  line  that  joins  TiN  to  Si.  Again,  we  suggest  that  the  redistribution  of  Si  in 
Ti- implanted  Si3N4,  presented  in  Fig.  5,  is  possible  because  of  the  presence  of  free  Si 
[Refs. 3, 8).  By  contrast,  there  is  no  tie-line  joining  either  Si  or  Ti  in  the  Ti-Si-C 
ternary  diagram  (see  Fig.  11)  [Ref.  13),  and  the  reaction  of  Ti  with  SIC  up  to  elemental 
Ti  concentrations  of  45  at.  %  produces  only  compounds  (carbides  and  silicides).  A  phase 
distribution  vs  depth  profile  for  SiC  implanted  with  Ti  to  4  x  1017/fm'  at  190  keV  is 


illustrated  in  Fig.  12.  Hence,  while  many  reactions  should  occur  as  the  Ti  implantation 
concentration  increases,  elemental  Si  is  not  expected  to  be  one  of  the  products  therefore 
no  solute  redistribution  of  Si  is  predicted. 
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FIGURE  12.  Calculated  phase 
distributions  vs  depth  distribution  for 
Ti  implanted  at  190  keV  to  a  fluence 
of  4  x  lO^/cm1  into  SiC. 


Ternary  phase,  diagrams  may  also  be  used  'o  assess  thermoche.nical  factors  influencing 
ion  mixing  of  metals  on  insulators.  Previous  considerations  of  thermochemical  factors  in 
ion-mixing  studies  have  been  based  on  ‘the  enthalpy  rule  of  metal- insulator  mixing,* 
which  holds  that  mixing  occurs  only  if  the  reaction  enthalpy  is  regative  [Ref.  ’.4.15,16]. 

The  reaction  enthalpy  is  determined  by  writing  the  balanced  equation  for  reactants  of  a 

metal- insulator  system  against  knows. reaction  products.  Reaction  enthalpies  are  then 
calculated  using  standard  heats  of  formation  data  as  found  in  e.g.  Ref.  17.  For  example, 
in  ihe  Zr-Al2Oj  system,  one  calculates  enthalpies  for  the  equation 

3Zr  ♦  2AIjOs  -  3ZrOj  ♦  4A1.  (I) 

Farlow  et  al  [Ref.  15]  recently  ion  mixed  and  analyzed  more  than  20  metal-insulator 

pairs  and  found  the  rule  held  for  most,  but  could  not  account  for  mixing  in  the  Zr-Al2Os 
system,  whose  reaction  enthalpy  was  nearly  zero.  This  apparent  ambiguity  of  the 
enthalpy  rule,  however,  can  be  understood  by  examining  the  calculated  Zr-AI-O  ternary 
phase  diagram,  illustrated  in  Fig.  13.  If  one  draws  a  reaction  line  (shown  xs  a  dashed 
line)  between  Zi  and  AljOa,  it  is  dear  that  A120j  is  reduce  (initially)  to  ZrOs  and 
AljZr,  not  to  the  reaction  products  given  in  eqn.  i.  The  problem  with  applying  the 
enthalpy  rule  in  this  case  was  that  the  reaction  enthalpy  was  calculated  for  the  obvious 
product,  but  it  was  the  wrong  product.  In  calculating  the  ternary  diagram  in  Fig.  13, 
all  reactions  products  were  considered. 


FIGURE  13.  Calculated  ternary  phase 
diagrams  for  the  Zr-Al-O  system  (T  < 
1400°C).  The  dashed  line  is  a  reaction 
line  that  depicts  compositions  obtained  by 
reacting  Zr  with  A!3Oj. 
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A  second  example  of  the  ambiguity  inherent  in  the  enthalpy  rule  is  found  in  Ref.  16, 
w  here  the  authors  attempted  to  use  the  rule  to  explain  results  of  ion  mixing  Ti  on  Si3N4. 
They  computed  a  positive  enthalpy  assuming  TiSi  or  TiSi2  products  but  a  negative 
enthalpy  assuming  a  TiN  product  and  had  to  conclude  that  the  reaction  could  go  “...either 
way,  depending  on  the  assumed  reaction  product."  The  ternary  phases  diagram  in  Fig.  10 
shows  explicitly  which  reaction  products  are  expected  (e.g.  TiN  and  Si)  and  predicts 
mixing  if  thermodynamics  were  the  controlling  factor.  (In  fact,  although  the  authors  in 
Ref.  16  did  not  observe  mixing  in  the  Ti-SisN4  system,  Noda  et  al  [Ref.  18]  have 
presented  clear  evidence  for  mixing  at  room  temperature.)  Ternary  phase  diagrams, 
therefore,  should  be  used  in  place  of  the  enthalpy  rule  of  mixing  because  they  perform 
the  same  function  as  the  enthalpy  rule  but  take  into  account  all  possible  reactions.  And, 
as  discussed  in  the  appendix,  the  calculated  diagrams  also  include  entropy  contributions 
ignored  by  the  enthalpy  rule. 

5.  SUMMARY  AND  CONCLUSIONS 

Surface  analysis  performed  on  Al+  and  Ti+  implanted  "hot"  into  SiC  and  Si3N4 
indicated  "anomalous"  redistribution  of  Al  in  SiC  and  Ti  in  Si3N4.  Thermochemical 
reactions  expected  in  these  ternary  systems  were  explained  with  ternary  phase  diagrams 
calculated  from  thermochemical  data  for  binary  compounds.  The  calculated  ternary  phase 
diagrams  indicated  that  elemental  Al  and  elemental  Si  are  favored  in  the  two  cases  where 
these  species  were  found  to  redistribute,  but  Al  and  Si  compounds  were  favored  in  the 
two  other  cases  where  no  solute  redistribution  was  seen.  Ternary  phase  diagrams  were 
also  shown  to  be  more  reliable  than  the  enthalpy  rule  for  predicting  ion  mixing  of  metal- 
insulator  pairs.  Thus,  calculated  ternary  diagrams  appear  to  be  easy  to  use  and  useful 
tools  for  assessing  and  perhaps  predicting  compositions  achieved  in  ion  implanted  and  ion 
mixed  ceramics. 
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APPENDIX 

Ternary  phase  diagrams  provide  a  complete  description  of  phase  equilibria  in  three 
component  systems.  In  such  systems  at  equilibrium,  Gibbs  phase  rule  must  be  satisfied, 
i.e.,  P  =  C  -  F  +  2,  where  P  is  the  number  of  phases,  C  is  the  number  of  components, 
and  F  is  the  number  of  degrees  of  freedom.  For  a  solid  solution  of  3  components  at 
constant  temperature  and  pressure,  only  2  degrees  of  freedom  are  possible,  i.e.,  the 
concentration  of  2  of  the  3  components;  hence,  the  number  of  phases  equals  the  number 
of  components.  In  such  an  isobaric,  isothermal  section  of  a  ternary  phase  diagram,  a 
region  of  three  phases  in  equilibrium  is  represented  by  a  triangular  area  whose  vertices 
are  the  three  equilibrium  phases;  the  sides  of  the  triangle  are  tie  lines  and  the  vertices 
specify  the  compositions  of  the  three  co-existing  phases.  For  simplicity  (and,  in  part, 
out  of  ignorance)  we  ignore  ternary  phases  (invariant  points)  3nd  assume  that  binary 
compounds  are  stoichiometric  (no  bivariant  lines). 

An  equilateral  triangle  provides  a  convenient  framework  for  constructing  this 
simplified  ternary  phase  diagram  and  determining  compositions.  The  three  elements  are 
placed  at  the  vertices  of  the  triangle.  Binary  compounds,  known  to  exist  at  the  specified 
temperature/pressure  conditions,  are  placed  according  to  some  scale,  e.g.  at.  %,  at  points 
on  the  sides  of  the  triangle.  The  larger  triangle  is  then  subdivided  into  n  +  1  tie 
triangles  (where  n  is  the  number  of  binary  compounds)  whose  vertices  define,  according 
to  the  phase  rule,  the  three  phases  that  determine  the  composition  of  any  point  within 


the  triangle,  or  two  phases  if  the  point  lies  on  a  tie  line.  Tie  lines,  in  other  words, 
connect  phases  that  are  stable  when  brought  in  contact. 

Tie  lines  are  established  by  calculating  the  Gibbs  free  energy  of  reaction  between 
competing  reactions  at  the  point  where  the  two  possible  tie  lines  would  cross.  This  is 
performed  by  writing  balanced  equations  for  all  the  possible  reaction  products,  such  as 
those  given  in  eqns.  (1)  and  (2)  above  and  (Al)  and  (A2)  below.  Tie  lines  are  then 
chosen  by  a  process  of  elimination  from  those  reactions  which  give  the  lowest  negative, 
free  energy.  Since  free  energies  vary  with  temperature,  tie  lines  may  switch  as  the 
temperature  changes.  Once  the  ternary  diagram  is  established,  the  amounts  of  each 
phase  present  at  a  point  in  the  diagram  can  be  computed  by  the  lever  rule  [Ref.  11]. 

In  this  work,  several  methods  for  determining  tie  lines  and  their  switching 
temperatures  were  used  because  the  necessary  thermochemical  data  were  either  inaccurate 
or  contradictory.  Calculations  were  performed  for  temperatures  from  25°C  to  15Q0°C.  In 
the  Si-N-Al  case,  the  reaction 

4A1  +  Si3N4  -  4A1N  +  3Si  (Al) 

gave  AG°298K  =  -120  kcal/mole,  and  a  tie-line  switch  would  not  be  expected.  However, 
in  the  Si-C-Al  case,  AG°298K  values  for  the  reacticn 

4A1  +  3SiC  -  A14Cs  +  3Si  (A2) 

varied  from  -9  to  +3  kcal/mole,  depending  on  the  method  of  calculation,  so  we  had  to 
consider  that  the  tie  lines  might  switch  at  some  temperature  between  25°C  and  the 
implantation  temperature,  900°C. 

The  first  method  used  room  temperature  AH°298K  and  values  to  approximated 

AGt  *  AH°298K  -  AS°298K(T  -  298K.)  (Ref.  17].  The  limitations  of  this  approach  are 
obvious,  as  it  does  not  take  into  account  the  temperature  dependence  of  AH°298K.  This 
method  predicted  an  Al4Cs  -  Si  tie  line  up  to  about  570°C,  then  a  switch  to  an  Al  -  SiC 
tie  line  at  higher  temperatures.  The  second  method  used  an  algebraic  representation  for 
the  Gibbs  energies  of  reaction:  AG°t  «  A  +  BT  IogT  +  CT  [Ref.19].  The  solution  of 
these  equations  indicated  the  same  tie  lines  but  a  switch  temperature  of  about  900°C.  A 
third  method  used  tabulated  values  of  the  Gibbs  function  for  the  various  reactants 
[ Ref.20].  This  method  predicted  that  the  Al  -  SiC  tie  line  is  stable  over  the  temperature 
range  25  to  15CC°C.  We  suggest,  therefore,  that  the  Al  -  SiC  tie  line  should  exist  at 
temperatures  above  600  to  900°C,  or,  perhaps,  as  low  as  25°C. 
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TRIBOLOGICAL  BEHAVIOR  OF  TiN  FILMS  DEPOSITED  BY  HIGH  ENERGY  ION  BEAM_ASSISTED 
DEPOSITION 

R.N.  Bolster1,  I.L.  Singer1,  R.A.  Rant2,  B.D.  Sartwell*  and  C.R.  Gossett* 

Naval  Research  Laboratory,  Washington,  DC  20375-5000  (U.S.A) 

SUMMARY 

Hardness  aeasureaents  and  abrasive  and  sliding  wear  tests  were  perforned 
on  TiN  films  deposited  on  aetal  and  ceraaic  substrates  by  reactive  magnetron 
sputtering  (RS)  and  by  ion  beaa  assisted  deposition  (IBAD)  using  30  keV  N*z  or 
40  keV  Ti‘  ions.  Composition  depth  profiles  obtained  by  Rutherford 
backscattering  depicted  significant  intermixing  of  fila  and  substrate  at  the 
interface.  IBAD  TiN  filas  were  found  to  be  considerably  softer  and  about  1/30 
as  abrasion  resistant  as  RS  TiN  filas.  The  IBAD  filas  were  extremely  adherent 
to  either  steel  or  ceraaic  substrates  and  reduced  the  dry  sliding  friction 
coefficient  for  steel/steel  and  ceraaic/ceraaic  couples  from  roughly  0.7  to 
0.2.  The  intermixing  of  fila  and  substrate  atoas  can  account  for  the 
excellent  adherence  of  the  IBAD  filas  to  otherwise  incompatible  ceramic 
substrates  such  as  Sic.  Based  on  these  and  previous  studies,  the 
tribomechanical  properties  of  high  energy  IBAD  TiN  filas  appear  to  be 
relatively  insensitive  to  processing  parameters  such  as  ion  species,  ion/atoa 
arrival  ratio,  and  high  vacuum  conditions — an  advantage  in  commercial  film 
preparation. 
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1.  INTRODUCTION 

Physical  vapor  deposition  (PVD) (1,2]  and  ion-implantation [3, 4]  are 
relatively  low  temperature  processes  that  can  improve  surface  aechanical 
properties  without  significantly  changing  the  geometry  or  degrading  bulk 
aechanical  properties,  as  do  diffusion  coatings.  But  each  of  these  techniques 
has  a  aajor  drawback.  PVD  films  often  suffer  froa  poor  adhesion  on  certain 
substrates [5] ;  this  lack  of  adhesion  can  restrict  the  use  of  filas  as  coatings 
to  iaprove  the  tribological  properties  of  bearing  eleaents.  In  ion 
inplantation,  the  depth  of  the  aodified  layer  is  generally  liaited  to  less 
than  1  pm,  the  depth  that  ions  with  several  hundred  keV  of  energy  can 
penetrate  solids.  The  depth  limitation  also  applies  to  ion  beaa  mixing,  a 
potentially  attractive  hybrid  of  coatings  and  ion  inplantation  that  produces 
an  extremely  adherent  surface  layer  that,  in  certain  applications,  has  been 
shown  to  improve  the  tribological  properties  of  materials [6. 7] .  Another 
promising  new  technology  that  combines  the  benefits  of  coatings,  (e.g., 
independent  control  of  elemental  deposition  and  film  thickness)  with  those  of 
ion  implantation  (e.g.,  independent  control  of  ion  beaa  energy  and  species)  is 
ion-beam  assisted  deposition  (IBAD),  which  combines  vapor  deposition  with  a 
directed  ion  beaa  (8).  IBAD  (which  should  not  be  confused  with  the  ion 
assisted  deposition  ( I A D )  process  that  plays  an  integral  role  in  film 
formation  through  application  of  a  bias  voltage  to  the  substrate  in  the 
presence  of  a  plasaa(l))  is  having  a  major  impact  in  optical  technology  [9) 
and  is  increasingly  being  investigated  with  respect  to  tribological 
applications  (10,11,12,13,14,15]. 

Previous  NRL  investigations  showed  that  (N')IBAD  TiH  films  deposited  on 
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steel  substrates  were  extremely  adherent  and  ductile  and  reduced  the  dry- 
sliding  friction  coefficient  [12,13].  These  IBAD  files  were  analyzed  by 
Auger  spectroscopy  and  were  shown  to  contain  significant  0  and  C 
contamination.  In  this  paper,  we  have  extended  the  study  to  investigate  both 
(N* )  and  ( Ti* ) IBAD  TiN  films  on  ceramic  as  well  as  metallic  substrates.  The 
ductility  of  the  films  was  investigated  directly  through  Xnoop 
microindentation  hardness  measurements  and  indirectly  using  a  polishing  wear 
technique  developed  for  abrasive  wear  measurements  of  thin  (ca.  100  no) 
surface  layers  [16,17].  Comparisons  of  IBAD  with  reactively  sputtered  (RS) 

TiN  films  .and  N‘ -implanted  RS  TiN  films  were  also  made.  Friction  and  wear 
behavior  of  IBAD  films  in  dry  sliding  at  high  contact  stress  (ca.  1  GPa) 
against  steel  and  Si*N 4  sliders  were  also  determined.  Finally,  Rutherford 
backscattering  analysis  (RBS)  was  performed  in  order  to  provide  a  more 
quantitative  analysis  of  the  TiN  film  and  the  film/substrate  interface  than 
previously  obtained  with  Auger  sputter  depth  profiling  [12]. 

2.  EXPERIMENTAL 

2.1  Substrates  and  films. 

Most  of  the  substrates  used  were  disks  12.7  mm  in  diameter  and  about  2.8 
am  thick.  Nickel  disks  were  machined  from  electrodeposited  nickel,  ground, 
fine  ground,  and  polished  with  3~un  diamond.  Single-crystal  sapphire  disks 
were  received  with  polished  faces,  which  were  repolished  similarly.  Hot- 
pressed  B«C  and  SiC  disks  and  hardened  M2  and  52100  steel  substrates  were  fine 
ground  and  similarly  polished. 

The  RS  TiN  films  were  produced  by  reactive  Aagnetron  sputtering  on  Ni  and 
M2  tool  steel  substrates.  The  properties  of  the  films  were  typical  of  those 
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obtained  fro*  hard,  bright  gold  colored  TiN  [18] . 

The  IBAD  TiN  filas  were  produced  by  electron  beaa  evaporation  of  titaniua 
to  fora  a  PVD  fila  and  siaultaneous  boabardaent  with  either  30  keV  N*i  or  40 
keV  Ti*  ions  generated  by  a  aediua-current  Varian/Extrion  ion  iaplanter. 

Prior  to  initiating  fila  deposition,  each  substrate  was  "presputtered"  with  1 
x  10“  ions/ca*  of  either  N*  or  Ti*  .  During  fila  deposition,  the  IBAD  cnamber 
was  backfilled  with  ultra-high-purity  nitrogen  gas  froa  a  base  pressure  of  2  x 
10-T  torr  to  1  x  10“®  torr.  The  ion/atoa  arrival  ratio,  R.  ranged  from  0.002 
to  0.2.  The  substrates  were  attached  to  a  heat  sink  that  aaintained  the 
processing'  temperature  below  50*C.  Areas  on  these  filas  that  were  outside  of 
the  ion  beaa  will  be  referred  to  as  "PVD",  and  the  N*  and  Ti*  boabarded  areas 
as  (N* ) IBAD  and  (Ti* ) IBAD,  respectively. 

In  addition,  70  keV  “N  ions  were  iaplanted  to  a  dose  of  5  x  10“ 
ions/ca2  into  a  5  ua  thick  RS  TiN  fila.  This  was  done  to  produce  a  peak 
damage  distribution  (approx.  25  displacements  per  atom)  equivalent  to  that  for 
an  IBAD  fila  deposited  with  R  «  0.1.  Predicted  range  and  range  straggling 
values  as  calculated  using  TRIM  [19]  for  70  keV  N*  in  TiN  and  for 
ion/energy/substrate  combinations  associated  with  the  IBAD  films  are  given  in 
Table  1. 

2.2  RBS  analyst s_^ 

Composition  depth  profiles  were  obtained  by  Rutherford  backscatterir.g 
spectrometry  (KBS)  with  a  2  HeV  beaa  of  the  ions  impinging  the  target  at 
normal  incidence.  The  scattered  ions  were  detected  at  165*  to  the  beaa  with  a 
surface  barrier  detector  of  about  15  keV  energy  resolution  and  subtending  a 
solid  angle  of  about  6  asr.  Staples  were  surrounded  by  surfaces  at  liquid 
nitrogen  temperatures  to  reduce  carbon  surface  contamination. 
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2.3  Hardness  and  abrasive  wear  measurements. 

Microhardness  aeasureaents  were  aade  with  a  Knoop  diaaond  indenter  on  a 
Tukon  aicrohardness  tester  capable  of  applying  loads  down  to  0.01  N  (1  j). 

Abrasive  relative  wear  resistances  (RWRs)  were  deterained  by  aass  loss 
during  siaultaneous  polishing  of  coated  disks  and  reference  disks  with  3-pa 
diamond  paste  under  controlled  conditions  [16,17].  A  wheel  polisher  was  used, 
with  a  pressure  of  10  kPa  for  the  RS  and  (N+)IBAD  filas,  and  6.4  kPa  for  the 
(Ti+)IBAD  and  RS:N-f  filas.  The  reference  surfaces  were  hardened  M2  steel  or 
previously  polished  RS  TiM  filas. 

2.4  Friction  and  wear  aeasureaents. 

Friction  and  wear  aeasureaents  were  performed  in  air  under  dry  sliding 
conditions  with  two  different  tribotesters.  The  first  was  a  "stick-slip" 
■achine,  in  which  a  ball  loaded  to  1  kgf  slid  at  low  speeds  against  a  coated 
flat,  making  unidirectional  but  multipass  tracks.  The  second  tribotester  was 
a  ball-on-disk  machine,  in  which  a  stationary  ball  wore  a  circular  track  on  a 
flat  rotating  at  a  speed  of  approximately  20  aa/s.  Peak  Hertzian  contact 
stresses  ranged  froa  0.85  GPa  to  1.1  GPa  for  a  12.7  aa  (1/2  inch)  52100  steel 
ball  and  1.7  GPa  to  2.3  GPa  for  a  5.56  aa  (7/32  inch)  SiiN4  ball. 

3.  RESULTS  AND  DISCUSSION 
3.1  Composition . 

Quantitative  composition  depth  profiles  of  (Ti* )  and  (N')IBAD  films  were 
obtained  from  the  RBS  data  by  fitting  the  spectra  with  the  simulation  program 
RUMP [20] .  The  (TiMIBAD  filas  had  compositions  typically  45%  Ti,  40%  N  and 

i 

about  15  +  5%  (O+C) .  The  (NMIBAD  filas  had  similar  contaaination  levels 
while  the  PVD  (non-IBAD)  portions  of  the  filas  showed  considerably  higher 
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levels  ->f  (0+C)  contamination(13] . 

Depth  profiles  of  (TiMlBAD  films  on  AliO*  end  B<C  from  the  RBS  data  are 
shown  in  Figs,  la  and  lb.  The  f ilm/substrate  interface  is  taken  to  be  the 
depth  where  the  Ti  concentration  is  reduced  to  50%  of  its  level  in  the  film. 
Depth  scales  have  been  constructed  at  the  top  of  the  figures  using  the  atomic 
densities  of  1.05  x  10**  atoms/cm*  TiN,  1.37  x  10**  for  B«C  and  1.18  x  10** 
for  AlaOj.  The  intermixing  evident  in  Fig.  1  at  the  film/substrate  interface 
was  quantified  by  comparing  the  slope  {12  to  88%)  for  the  experimental  data  to 
a  simulation  -for  an  unmixed  film  of  the  same  thickness;  the  simulation 
utilized  the  fitted  detector  resolution  and  the  Bohr  straggling  value  for  that 
thickness.  The  (TiMlBAD  film  on  AljOs  showed  a  slope  of  62  keV  and  that  on 
B«C  96  keV  compared  to  an  unmixed  slope  of  31  keV.  The  added  slope  in  the 
latter  case  may  be  in  part  due  to  the  presence  of  small  pits  in  the  otherwise 
smooth  flat  surface  of  the  B«C  substrate,  not  present  in  the  AIjOj.  In  either 
case,  however,  it  is  clear  that  significant  interfacial  mixing  has  occurred 
during  IBAD. 

3^2 _ H ardness  and  Abrasive  Wear  Resistance. 

Shown  in  Fig.  2  are  the  results  of  microhardness  measurements  of  (N+)IBAD 
films  approximately  1  urn  thick  on  hardened  52100  steel  substrates.  The 
composite  hardnesses  were  lower  than  those  for  the  substrate,  especially  at 
low  loads.  This  clearly  indicates  that  these  films  were  softer  than  the 
steel,  as  noted  by  Kant  and  Sartwell  (13).  At  the  lowest  loads  the  indent 
depths  were  approaching  1/10  of  the  film  thickness,  so  that  the  effect  of  the 
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substrate  was  becoming  negligible.  The  true  film  hardness  was  thus  1/2  to  1/3 
that  of  the  steel.  RBS  analyses  of  these  two  films  showed  that  the  one 
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having  the  lowest  hardness  at  0.01  N  had  an  excessive  carbon  concentration 
(near  50%)  in  the  outernost  150  na,  which  nay  have  been  responsible  for  the 
flatter  curve. 

The  results  of  nicrohardness  neasurenents  of  files  on  nickel  substrates 
are  shown  in  Fig.  3.  The  composite  hardness  of  an  (N+)IBAD  film  was  only 
slightly  higher  than  that  of  the  nickel.  A  (Ti+) IBAD  film  showed  greater 
hardness,  even  though  it  was  thinner.  The  thin  AS  film  was  harder  than  the 
(N-t-)  IBAD  fila  of  the  sane  thickness.  It  was  also  harder  than  the  (Ti* )  IBAD 
fila,  but  not  as  nuch  as  the  data  indicate,  since  this  filn  was  only  0.13  ua 
thick  rather  than  0.2  ua.  Thus  the  (N+)IBAD  filas  were  the  softest,  the 
(Ti+) IBAD  filas  appeared  to  be  interaediate,  and  the  AS  filas  were  hardest. 

The  thickest  AS  filas  showed  auch  higher  coaposite  hardness,  since,  at  the 
lowest  loads,  the  effect  of  the  soft  substrate  was  becoaing  negligible.  When 
the  thick  AS  fila  was  iaplanted  with  nitrogen,  no  substantial  decrease  in 
hardness  was  detected.  Even  though  the  iaplanted  layer  was  quite  thin  (0.1  to 
0.2  ua) ,  a  softer  iaplanted  layer  should  have  been  detected  at  the  lowest 
loads. 

When  the  various  TiN  filas  were  subjected  to  abrasion  by  3  ua  diamond 
particles,  large  differences  in  their  wear  resistances  were  found.  As  shown 
in  Table  2,  the  (H-O  IBAD  and  (Tit) IBAD  filas  were  less  resistant  to  abrasion 
than  hardened  M2  steel  reference  surfaces.  Both  filas  quickly  wore  through, 
exposing  the  substrate. 

The  changes  in  AWA  with  Bass  loss  of  the  AS  filas  are  shown  in  Fig.  4. 
Initially  4  tines  as  resistant  as  the  M2  steel,  th^  files  showed  an  increase 
with  depth  over  20  to  30  na  to  a  steady  state  wear  resistance  of  25  tines  that 
of  the  M2  steel.  The  thinnest  (0.2  ua)  filas,  after  rising  to  a  RWA  of  25, 
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were  soon  penetrated  by  a  few  deep  scratches.  Thereafter,  even  though  the 
exposed  area  was  still  snail,  the  aass  losses  increased  rapidly  and  the  RWR 
dropped  as  the  soft,  dense  nickel  began  to  erode.  The  four  points  in  the 
lower  right  of  Fig.  4  thus  represent  conposite  wear  of  filn  and  substrate  and 
not  that  of  the  RS  filn. 

The  abrasion  resistance  of  RS  filns  was  not  reduced  by  inplantation  with 
nitrogen.  In  fact,  the  abrasion  resistance  of  the  first  50  nn  of  the  filn  had 
been  slightly  increased. 

Hardness  and  abrasive  wear  neasurenents  give  a  consistent  picture  that 
the  IBAD  TiM  filns  were  considerably  softer  and  less  wear  resistant  that  RS 
TiN  filns.  Moreover,  the  softening  obtained  in  the  IBAD  filns  cannot  be 
attributed  solely  to  inplantation  danage.  since  no  evidence  for  softening  was 
seen  in  the  N*  inplanted  RS  filns.  In  contrast  to  these  findings,  Sato  et  al 
[14]  have  measured  hardness  on  thick  (1  to  10  un)  IBAD  filns  approaching  that 
of  bulk  TiN.  Their  filns,  were  also  prepared  at  roon  tenperature.  using  high 
energy  N*  beans,  and  also  showed  ca.  15  at.  %  (0  ♦  C)  contanination.  No 
explanation  for  the  differences  in  hardness  are  offered,  at  present. 

3.3  Friction  and  Durability. 

Suanarized  in  Table  3  are  the  "stick-slip"  friction  and  wear  behavior  of 
IBAD  and  RS  filns  on  steel  and  ceraaic  substrates  in  sliding  contact  with  both 
steel  and  SijN«  balls.  Steady  state  friction  coefficients  were  between  0.15 
and  0.20  for  the  thick  TiN  filns  and  for  nearly  all  conbinations  of  IBAD  films 
(N*  and  Ti‘),  on  steel  or  ceraaic  substrates,  independent  of  ion/aton  arrival 
rate  or  backfill  gas  (Nt  or  NHj).  We  attribute  this  material-independent,  low 
friction  coefficient  to  a  transfer  filn  (cxidized  Ti  nitride)  that  began  to 
fora  during  the  first  pase  and  remained  interposed  between  the  ball  and  wear 
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track  during  subsequent  passes.  First  pass  friction  coefficients  for  aany  of 
the  IBAD  and  the  TiN  filas  was  also  about  0.2.  The  higher  friction 
coefficients  obtained  during  the  first  pass  against  (Ti*)IBAD  filas  on  the 
ceraaic  substrates  aay  be  due  to  the  relatively  higher  shear  strength 
(hardness)  of  the  (Ti*)IBAD  filas  with  respect  to  the  S2100  steel  (BK  *  3.3 
GPa).  For  reference,  substrates  without  coatings  had  high  friction 
coefficients,  ranging  froa  0.6  to  0.8. 

Microscopy  of  wear  tracks  indicated  that  the  IBAD  filas  suffered  only 
aild  wear.  By  contrast,  non-iaplanted  (PVD)  portions  of  these  filas  were 
wiped  off  during  the  first  pass.  The  thick  AS  fila  showed  no  signs  of  wear, 
whereas  part  of  a  thin  RS  fi’a  pulled  free  of  the  SiC  substrate  on  the  first 
pass,  indicative  of  poor  adherence  of  TiN  files  to  ceraaic  substrates. 

The  wear  behavior  of  coated  ceraaics  contributea  to  the  friction  in  the 
following  way:  A  relatively  thick  transfer  layer  foraed  along  the  center  of 
the  SijN<  wear  tracks  on  (TiMlBAD  and  RS  filas  on  SiC  and  on  (Ti* )  IBAD  filas 
on  B«C.  The  transfer  layer  was  a  aixture  of  oxidized  Ti  nitride  and  wear 
debris  froa  polishing  pits  and  Hertzian  cracks  in  the  substrate  surface  and 
Si)M<  debris  froa  the  ball  slider,  worn  flat  at  these  high  contact  stresses. 
This  debris  caused  ceraaic-to-cer aaic  contact  during  sliding,  which  in  turn 
increased  the  friction  coefficient. 

Ball-on-disk  tests  were  perforaed  with  the  SijN«  ball  against  the  three 
(TiMIBAD  coated  ceraaic  flats.  Steady  state  friction  coefficients  were  the 
saae  as  in  the  stick-slip  test  (see  Table  3)  until  fila  failure.  Failure 
usually  occurred  at  a  scratch  along  the  track  where 'the  fiia  appeared  to  be 
abraded.  The  SiiH«  balls,  at  the  tiae  of  failure,  had  been  worn  flat  at  the 


contact  spot,  which  suggests  that  Si)M<  debris  aigbt  have  contributed  to  the 
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failure  of  the  coating.  Before  the  coating  failed,  debris  had  transferred  to 
the  track,  but  the  IBAD  film  regained  intact  across  the  track.  On  one  sample, 
film  was  removed  almost  immediately  (probably  during  the  first  pa-»,  as 
suggested  by  the  friction  spikes  during  each  revolution).  Fig.  5  shows  a 
portion  of  this  (TiMIBAD  film  on  SiC  after  240  revolutions:  film  failure  can 
be  seen  in  the  PVD  film  where  the  wear  track  crossed  the  boundary  into  the 
intact  IBAO  film. 

In  general.  IBAD  films  showed  impressive  endurance  and  low  friction  at 
contact  stresses  greater  than  1  GPa  (140  ksi).  The  adherence  of  the  films, 
particularly  on  ceramic  substrates,  makes  the  IBAD  process  worthy  of  further 
wear  testing. 

4.  SUMMARY  AMD  CONCLUSIONS 

IBAD  TiN  films  prepared  with  N*  and  Ti*  ions  were  found  to  be 
considerably  softer  and  much  less  abrasion  resistant  than  hardcoat-quali ty  RS 
TiN  films.  The  IBAD  films  demonstrated  high  adherence  and  reduced  dry  sliding 
friction  when  deposited  on  metal  as  well  as  ceramic  substrates.  The 
intermixing  of  film  and  substrate  atoms  was  clearly  depicted  by  RBS  depth 
profiles  and  can  account  for  the  excellent  adherence  of  IBAD  films  to 
otherwise  incompatible  ceramic  substrates  such  as  SiC.  Based  on  these  and 
previous  studies,  the  tr lbomechamcal  properties  of  high  energy  IBAD  TiN  films 
appear  to  be  relatively  independent  of  major  processing  paraaete-s  such  as  ion 
species,  lon/atom  ratio,  and  high  vacuum  conditions --an  advantage  in 
commercial  film  preparation. 
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TABLES 


Table  1.  Range  and  range  straggling  values  tor  IBAD  TiN  films  and  implanted 
TiN[19] . 


ION  (Energy)  N*_  (15  keV) 


Ti*  (40  keV) _  N*  (70  keV) 


SUBSTRATE  8*C  TiN 


AI2O3  TiN  TiN 


RANGE (na)  -  31  22  23  21  90 

RANGE  8.2  10  8.2  8.8  31 

STRAGGLING (ns) 


Table  2.  Composite  hardness  and  relative  wear  resistance  o t  TiN  films 

KNOOP  HARDNESS*  Rel.  Wear  Resistance 

(referenced  to  M2  steel) 


(N* ) IBAD 

5 

0.8 

(Ti* ) IBAD 

6.4 

0.9 

Reactive  Sputtered 

8.5 

25 

*  0.1-0. 2  ua  thick  films  on  Ni  at  0.15  ua  indent  depth. 
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Table  3.  Friction  coefficients  of  BAD  and  RS  films  co  steel  and  ceramic  substrates. 


raw  TYPE 

BAD 

RS 

ICW 

N* 

Ti* 

Ti* 

Ti* 

Ti* 

— 

— 

BALL 

PASS  Mo.  SUBSTRATE 

52100 

52100 

B<C 

SiC 

AlaQi 

H2 

SiC 

52100 

1st 

0.13 

0.16 

0.52 

0.47 

0.35 

0.20 

— 

52100 

10th 

0.20 

0.17 

0.16 

0.20 

0.22 

0.18 

— 

ShlU 

1st 

0.16 

— 

0.25 

0.26 

0.23 

0.16 

0.63 

SUNi 

10th 

6 

— 

0.24 

0.43 

0.14 

0.15 

0.42 

DEPTH,  ATOMS/cm2  xIO 


STEEL  SUBSTRATE 


Bd9  ‘SS3NQHVH 


v*'  i ndenUtion  depth  of  IBAD  «nd  RS  TiN 


WEAR  DEPTH,  nm 


30NV1SIS3U  UV3M  3AU.V13H 


rid.  4.  Relative  abrasive  wear  resistance  vs.  mass  loss  of  RS  TiN  films  of 


wear  track  crossing  (TiMIBAD  into  non-inplantcd  PVD 


v'r  V-ft/aw 


ia^fc^^iwiaiii»a 


cSj^^a  j 

/■*  j> 


FRICTION  COEFFICIENTS  -  HOW  LOW  CAN  THEY  GO? 

I.L.  SINGER,  R.N.  BOLSTER,  J.  WEGAND* ,  S.  FAYEULLE* ■ •» 
NAVAL  RESEARCH  LABORATORY.  WASHINGTON  D.C. 
a GEO-CENTERS,  WASHINGTON  D.C. 
b  ECOLE  CENTRAL  de  LYON,  ECULLY  FRANCE 

INTRODUCTION 


Friction  coefficients  of  low  friction  films  generally  do  not 
obey  Amonton’s  law,  which  finds  that  the  friction  coefficient  is 
independent  of  load.  Investigations  of  thin  films  of  organic, 
metallic  and  dichalcogenide  materials  tend  to  show  decreasing 
friction  coefficients  with  increasing  loads. 

This  paper  examines  the  load  dependence  of  the  friction 
coefficients  of  MoS*  films.  Several  explanations  for  this 
benavi.or  have  been  proposed: 

a.  FRICTION  TEXTURING  -  Hiah  loads  orient  MoSj  drains  with 
(0002)  planes  parallel  to  the  substrate; 

b.  HEATING  EFFECTS  -  High  loads  generate  heat,  which 
drives  off  moisture  (known  to  increase  the  friction 
coefficient) ; 

c.  FILM  SHEARING  UNDER  HERTZIAN  CONTACT  -  High  loads  on 
elastically  deformed  substrates  result  in  a  friction 
coefficient,  u,  given  by: 

u  a  S/L®  , 

where  S  is  the  SHEAR  STRENGT!*  of  the  film,  and 
1/3  <  B  <  1/2,  depending  on  nature  of  contact  (point  to 
line) .  The  above  relationship  follows  directly  from 
the  interpretation  of  friction  coefficient  as  the 
shearing  pressure  divided  by  the  normal  pressure.  For 
elastic  (Hertzian)  contact,  the  normal  pressure  varies 
as  L®  ,  as  seen  below. 


Data  taken  from  the  literature  and  in  our  laboratory  has  been 
analyzed  according  to  the  Hertzian  contact  model  for  the  friction 
coefficient  of  a  thin  easily  sheared  film  on  a  hard  substrate. 
Applicability  of  the  model  and  its  implications  on  the  lower 
limits  of  friction  coefficients  are  discussed. 


DEFORMATION  OF  METALS  3Y  SPHERICAL  INDENTERS  (TABOR.  1951) 
NOMENCLATURE: 

L  load  P«  mean  pressure 

a  radius  of  contact  E  Elastic  (Young's)  modulu 

A  Contact  area  S  shear  strength 

R  Radius  of  sphere 

THE  PRESSURE  EXERTED  BY  A  SPHERE  ON  A  FLAT  IS  GIVEN  BY: 

P«  =  L/ [na!  )  ( 1 ) 


CONTACT  AREA  UNDER  ELASTIC  DEFORMATION: 

A  =  naJ  =  n{ (3LR) / (4E) ]*  1 1  (2) 


WENCE, 

P*  »  L/(naJ]  =  1/n  *  ( ( 4E ) / (  3R ) ] 1 ' 1  *  (1/L)*'3  (3) 


A  SIMILAR  ANALYSIS  FOR  CYLINDER  VS  FLAT  GIVES: 


k'ansheimer  (HGH) 


1 

•ifd  14:  EinfiuB  von  Feuchtigkeit  und  Belastung  auf  die  Reibungs- 
1  zahl  von  Molybdandisulfidschichten  bei  Versuchen  mit  aer 
®  LFW-l-Prufmaschine. 

ig8l4:  Influence  de  I'hurnidife  et  de  la  charge  sur  le  coefficient 
de  frottement  de  couches  do  bisulfure  de  molybdene  lors 
I  d'essais  faits  avec  la  machine  d’essai  LFW-1. 


Influsso  dell’umidita  e  del  carico  sull’indice  d’aftrito,  negli 
esperimenti  col  la  macchino  di  prova  LFvV-1 
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PLOT  111, LI  DATA 
CN  LOG-LOG  PAPS. 
IF  HERTZIAN-UXE, . 


ASSUKE  HERTZIAN  ft, 
THEN  CONFUTE  So  AND  Q 
USING  BQN.  (3) 


DOES  DATA  OBEY  I 
POWER  LAW? 


ANALYSIS  lu, LI  DATA  I  I  OBTAIN  BEST  FITS  KR 
BY  MON- LINEAR  L.J  6,  So  AND  a  AS  WELL  AS 

REGRESSION.  I  !  CCRREIA7ICN  COEF'NT.r 


TABULATE 
So  AND  a 
(TABLE  2) 


TABULATE 
So.  a,  ft  AND  r 
(TABLE  3) 


I  •  !.' 


fl 


I  ’  1 


I  I 


'  I  ! 


r  i 

i  i 

r  i 

t  * 
i  i 


I  ! 


t  “ 


i 


I  I  ' 
i  4  • 


f  > 


1  i  .!  I  I  I  Li 
si  ■  --JL-  LI  i  I  i-J 

I  I  .1  I  I  I  li 
'  i  Mil!) 
1 - n*4=r*1 


1-  -1 


-  I  1 ,11-  •- 


LL!-( 


i  I 


,_T  rt  rr 

I  I  I 


4-4 
I  i 


I  I 
I  I 
i  .1. 
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iii; 
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il’ 
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TABLE  3:  5 ,  So  AND  a  VALUES  AND  CORRELATION  COEFFICIENT  BY  NON-LINEAR  REGRESSION. 


U  INVESTIGATOR 

e 

g 

So  (MPa) 

iri 

GANSHEIMER 

fl  best  fit 

B  RH=16 . 2 

0.002-0.08 

-0.3- (-11) 

7-100 

0.99 

RH=6 . 5 

0.001 

-4- (-10) 

50-1C0 

0.95 

fl  a=0  fit 

Q  RH=16 . 2 

0.43-0.50 

"O" 

10-20 

0.98-0.99 

RH=6. 5 

0.12 

"O'* 

10 

0.95 

i  KARPE 

■  best  fit 

0.2-0. 4 

0.04-0.07 

25-40 

0.96-0.99 

a-0  fit 

■ 

-0.15 

"0" 

60-70 

0.95-0.97 

■  SALOMON  AND-DeGEE 

best  fit 

m  RH=50 

0.26 

-0.13 

20 

0.998 

3  RH=5 

0.19 

-0.02 

5 

0.990 

a=0  fit 

RH=5° 

0.48 

”0" 

20 

0.992 

Q  P.H=5 

0.23 

’•O'* 

5 

0.990 

ROBERTS 

■  best  fit 

0.39 

0.001 

6.2 

0.962 

3  a=0  fit 

0.33 

"0" 

6.6 

0.962 

m  HRL 

3  best  fit 

0.7 

0.22 

47 

0.988 

m  a-0  fit 

0.33 

"0" 

5 

0.985 

! 

6,  a,  So  and 

r  obtained 

from: 

A 

| 

n 

M 

=  c  s.  / 

) 

T 

u 

5 

+  a 

1 

1 

1 

1 

I 

and  C  is  a  geometrical  constant. 

FRICTION  BEHAVIOR  OF  M„S 
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"TAMOND  COATING  TRIBOLOGY  :  Key  Issues 


’I.  HAYWARD,  CAMBRIDGE  UNIV.  (1987) 


TEST  CONFIGURATION 


Apparatus 

Pin 

Flats 

Load 

Contact  pressure 
Sliding  speed 


Reciprocating  sliding 
Bidirectional,  pin-on-flat. 

Diamond.  200  um  radius  spherical  tip 
with  100  um  diameter  wear  flat. 
Diamond  coated  silicon 
100  -  300  g  (1  -3  N). 

1  GPa. 

1  mm  s'1. 


Track  lengths 
Atmosphere 


1  mm. 

Air  (2%  -  70%  RH). 


ANALYTICAL  TECHNIQUES 
Micro  Raman. 

Infra-red  spectroscopy  (transmission  FTIR). 
Surface  profilometry. 

Optical  microscopy. 
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3-D  Surface  Profile  of 
Crystallume  Diamond  Film 


Crystallume  specimen  13-Y-2 


MicroRaman  Spectra  from 
Crystallume  Diamond  Film 


Crystallume  specimen  13-Y-2 
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THE  DYNAMIC  BEHAVIOR  OF  WATER  VAPOR 
ON  ACTIVATED  CARBON 


1.  INTRODUCTION 

Water  adsorption  on  activated  carbon  is  of  particular  interest  for  air 
Purification  applications  where  contaminants  must  be  removed  from  humid  air. 
Water  vapor  adsorption  can  limit  filter  performance  against  challenges  of  light 
gases  by  displacing  previously  adsorbed  contaminants  or  by  reducing  the  available 
adsorption  space.  A  complete  understanding  of  the  single  component  adsorption 
behavior  of  water  vapor  on  activated  carbou  can  serve  as  a  basis  to  develop  a 
theory  for  multicomponent  behavior.  This  study  considers  in  detail  the  adsorption 
of  water  on  BPL  activated  carbon. 

The  adsorption  behavior  of  any  vapor  on  an  adsorbent  can  be  understood 
through  the  adsorption  equilibrium  relationship  and  the  material  and  energy 
balances.  Water  adsorption  on  activated  carbon  exhibits  a  pronounced  hysteresis 
that  complicates  the  analysis  of  desorption.  Doong  and  Yang1  present  a  model  for 
multicomponent  adsorption  of  water  and  hydrocarbons  on  activated  carbon 
including  equilibrium  and  adsorber  dynamics.  Their  work,  however,  neglects  the 
energy  balance  and  does  not  present  data  on  breakthrough  runs.  The  purpose  of 
this  paper  is  to  develop  and  solve  the  material  and  energy  balance  equations  so  the 
results  can  be  compared  to  actual  breakthrough  experiments.  The  results  presented 
here  for  adsorption  dynamics  can  be  extended  to  desorption  dynamics.  Two 
approaches  to  analyzing  the  water  adsorption  process  on  activated  carbons  are 
considered.  These  are  the  stage  model  approach  and  the  equilibrium  theory 
approach.  In  both  cases  a  mathematical  model  is  used  to  describe  the  dynamic 
behavior  of  water  vapor  challenging  a  bed  of  activated  carbon.  Three  breakthrough 
experiments  are  performed  that  result  in  three  different  types  of  waves.  The 
characteristics  of  each  wave  type  and  their  impact  on  filter  performance  are 
discussed. 

2.  THEORY 

2.1  Material  and  Energy  Balances. 

The  equations  to  describe  water  adsorption  on  activated  carbon  should 
include  material  and  energy  balances  as  well  as  the  equilibrium  relationship.  The 
easiest  way  to  develop  these  equations  is  to  describe  the  bed  as  consisting  of  a  solid 
phase  and  a  vapor  phase.  The  stationary  (solid)  phase  consists  cf  the  solid  porous 
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particles  and  the  adsorbate.  The  vapor  phase  consists  of  the  inert  carrier  gas  and 
the  adsorbable  vapor  in  both  the  intersticies  of  the  bed  and  the  pores  of  the 
particles. 


The  governing  differential  equations  for  the  conservation  of  mass  and 
energy  respectively,  neglecting  dispersion  and  channeling,  of  a  fixed-bed  adsorber 
can  be  written  as  follows: 


dvc 

dz 


d(vpfhp 


dz 


o 

II 

£ 

+ 

vu 

4- 

(i) 

d{Pt h0  ,  5h»  TT  AT 

«  ^  f  Pb  -  ~U  AT 

at  at 

(2) 

The  fluid  phase  and  stationary  phase  enthalpies  are  defined  by: 


h(  =  Cf(T  -  T*) 

(3) 

h,  =  (c,  +  c*q)(T  -  Tref)  -  /J*  A  dq 

W 

Here  c  is  the  vapor  concentration,  q,  the  adsorbed  phase  concentration  in  moles  of 
adsorbate  per  unit  mass  of  adsorbent,  T,  the  temperature,  z,  the  distance  down  the 
tube  length,  t,  the  time,  «,  the  void  fraction  of  the  bed,  and  U,  the  overall  heat 
transfer  coefficient  of  the  filter  tube. 

The  rate  at  which  material  is  transferred  from  the  passing  vapor  stream  to 
the  surface  of  the  carbon  is  governed  by  a  film  mass  transfer  resistance  which  can 
be  written  as  follows: 


Pb^  =  (kYa)(c-c*>  (5) 

Equation  5  assumes  Glueckaufs  linear  driving  force,  where  c*  is  the  vapor  phase 
concentration  at  the  surface  of  the  particle. 

Dimensionless  variables  can  be  introduced  to  simplify  equations 

1,  2,  5: 


r 


v 


v 


(6,7,8) 


cv0t 

L 


ir 


2  U  L 

«  vo  T-l 


(9) 


(kva)' 


(10) 


The  choice  of  the  dimensionless  parameter  r  has  special  physical 
significance.  It  represents  the  number  of  superficial  column  volumes  that  have  been 
fed  to  the  bed  at  any  given  time. 

In  evaluating  solutions,  parameters  appearing  in  equations  1,  2,  and  5  can 
be  treated  as  functions  of  concentration  and  temperature.  However,  to  simplify  the 
development,  several  assumptions  can  be  made,  namely: 

(a)  all  heat  capacities  are  constant  with  mean  values  taken. 

(b)  the  vapor  phase  is  ideal  and  the  effect  of  composition  on  the  vapor- 
phase  density  and  velocity  is  small. 

(c)  the  adsorption  process  considered  here  occurs  at  low  gas  phase 
concentrations  so  that  the  effect  on  velocity  and  density  is  negligible. 

Thus,  the  dimensionless  velocity  and  the  fluid  density  can  be  written  as: 


t 

V 


(11,12) 


For  adsorption  processes  involving  gases  at  low  to  moderate  pressures 
(which  would  be  typical  of  all  air  purification  applications)  the  rate  of  accumulation 
in  the  vapor  phase  is  small  compared  to  the  accumulation  in  the  solid  phase.  This 
leads  to  the  elimination  of  the  second  term  in  equations  1  and  2.  The  system  of 
governing  differential  equations  may  then  be  expressed  as* 


fly*?) 


+  Pb 


ia  _ 


dr 


=  0 


(13) 
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d(v'pfhf)  <9h, 

t:  + 


-U'AT 


(H) 


^  ar  =  ^kya^  “  C>)  (15) 

Equations  13,  14,  and  15  are  three  independent  equations  with  four 
dependent  variables  (c,  c  ,  q,  T).  Another  equation  is  required  in  order  to  specify 
the  system,  namely  the  adsorption  equilibrium  relationsnip: 

q  =  f(c*,T)  (16) 


The  solution  to  equations  13  -  15  wi  h  16  requires  the  imposition  of 
appropriate  initial  and  boundary  conditions.  For  systems  considered  here  the  initial 
bed  state  and  the  feed  concentration  are  constant  throughout  the  experiment. 
Mathematically  this  can  be  expressed  as: 


c  =  c0  and  T  -  T0  at  r  =  0  for  0  <  f  <  1 
c  =  Cf^j  and  T  -  Tffwl  at  f  =  0  for  all  r  >  0 


(17) 


Two  approaches  are  taken  to  solve  the  governing  set  of  differential 
equations,  13  -  15,  with  16:  the  stage  model  and  equilibrium  theory.  The  stage 
model  is  more  flexible  and  can  easily  treat  systems  with  non-constant  initial  and 
boundary  conditions.  Generally,  equilibrium  theory  is  more  insightful  about  the 
nature  of  the  adsorption  waves,  however,  it  cannot  be  used  where  mass  and  heat 
transfer  effects  must  be  considered.  Both  techniques  are  presented  here  in  order  to 
gain  a  complete  understanding  of  the  process. 


Equations  13  *  15  when  coup'-  d  with  the  equilibrium  relationship  16  can 
be  reduced  to  a  set  of  ordinary  differer  .»!  equations  using  a  stage  model 
approach.  ’  Each  stage  is  considered  be  well  mixed  with  the  effluent 
concentration  and  temperature  of  stage  i  used  as  the  feed  concentration  of  stage 
i+  1.  Friday  and  LeVan4  have  reported  a  successful  meth'»d  for  reducing  the  partial 
differential  equations  13  -  15  to  ordinary  differential  equations  by  writing  the  spatial 
derivatives  ir  ?quatK>na  13  and  14  in  Hnite  difference  form  using  backward 
differences. 
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dqj 

dr 


1 


(18) 


dTj 

dr 


Pfocf 


pb(=»  +  «*$)  a? 


(Ti-i  -  TO 


-  ^[cJTi-T^)  -  AjJ-—-  -  U'AT 


(19) 


The  resulting  equations  .8  and  19  are  solved  using  a  Runge-Kutta  4th  order 
integration  algorithm  with  twenty  stages. 

2.3  Equilibrium  Theory. 

The  development  of  the  equilibrium  theory  solution  requires  the  mass  and 
heat  transfer  resistances  to  be  negligible.  Therefore,  the  driving  force  terms  on  the 
right  side  of  equations  14  and  15  are  set  to  zero. 

The  equilibrium  theory  solution  to  13,  14  and  16  requires  the  use  of  the 
method  of  characteristics  that  has  been  presented  by  numerous  authors.  s-i°  u 
concentration  of  the  material  in  the  bed  can  be  expressed  as  a  function  of  distance 
and  time  by, 


c  =  f(f,r)  (20) 

then  the  total  differential  of  e  can  be  written  as: 

dc  =  ~  df  +  —dr  (21) 

O  f  <7 T 

Ti*«  solution  along  regions  of  constant  concentration  require  that  dc-  0  so  that 
equation  19  can  be  rearranged. 


Al  m  .  *1* 

dr  dt /df 


(22) 


Now  the  material  balance  equation  13  can  be  rewritten  when  the  equilibrium 
relationship  16  is  substituted  for  the  partis!  of  q  with  respect  to  time. 
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dc  dq  dc  ,n 

3  +  Pb  ,,  •  >  ^  —  0  (2 

3?  d(v  c)  or 

Equation  23  can  be  rearrang'd  into  a  form  compatible  with  the  right  hand  side  of 
equation  22. 

_  dc/dr  _  J_  d(v*c)  ^ 

dc/dc  Pb  dq 

When  equation  24  is  substitt  ted  into  equation  22  the  following  expression  for  the 
characteristic  direction  is  obtained. 

i£  =  J_  d(v>c)  (2, 

dr  ^  dq 

The  left  hand  side  of  equation  25  represents  the  speed  with  which  a  given 
concentration  travels  down  the  bed,  while  the  right  hand  side  of  equation  25  is 
the  slope  of  the  equilibrium  relationship. 

The  energy  balance  when  written  without  the  heat  transfer  resistance 
takes  the  following  form: 


d(v  p.hf)  <5\ 

- “ -  +  =  0 

df  dr 


Using  the  same  procedure  as  for  the  rnatenal  balance,  the  characteristic 
equation  takes  the  following  form: 

d£  __  _i_  d(v*;»hf) 

dr  Pb  dh. 


The  material  and  energy  balances  can  be  combined  for  the  initial  value 
problem  to  provide: 
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r  dq 

f  d(v  c) 


d(v*pfhf) 


The  two  enthaipy  terms  on  the  right  of  equation  28  can  be  written  as 
functions  of  q  and  T.  Thus  equation  28  can  be  rearranged  in  terms  of  the 
directional  derivative  dq/dT  to  take  the  following  form: 


d(v*c)  dq  1  d(v  c )  &K  d(v‘c)  &K 

dq  dq  dT  +  "  dq  dT  +  dT  dq 


_  j.(l  A±  ,  jlLil  =  o  (291 

dT  dT  +  dT  dT  [  ’ 

Equation  29  is  a  quadratic  in  dq/dT.  The  two  solutions  correspond  to  the 
characteristics  emanating  from  a  given  point  of  c,  q,  and  T.  By  starting  from  the 
initial  and  feed  conditions  the  solution  to  equation  29  is  obtained.  The  resulting 
slopes  are  then  plotted  in  the  hodograph  planes  of  q  versus  T  and  the  q  versus  v  c 
until  the  characteristics  intersect.  Implementation  of  equilibrium  theory  to  obtain 
the  breakthrough  curves  requires  adherence  to  two  rules.  A  wave  must  be  gradual 
if  possible.  Slopes  in  the  v  c  plane  must  increase  from  initial  bed  condition  to  feed 
condition.  If  the  slope  of  the  characteristic  does  not  increase  continuously  in  going 
from  initial  to  feed  conditions  then  the  larger  concentrations  would  overrun  the 
smaller  concentrations.  This  is  an  impossible  situation.  Earlier  studies  by 
Devault11  and  Lax12  showed  that  these  conditions  result  in  the  formation  of  a 
shock.  The  shock  path  must  satisfy  fhe  material  and  energy  balances  as  given  by 
the  following  relationship: 


r  Aq  Ah*  ,  . 

T  3  *>  T7~*T  =  TP" T7  (30) 

C  A(v  c)  A(v  £fhf) 

This  is  similar  to  equation  28  except  that  here  a  chord,  rather  than  the  slope  of  the 
characteristic,  is  used  to  determine  the  speed  of  the  wave  in  the  bed. 

3.  MATERIALS  AND  METHODS 

The  apparatus  used  for  the  breakthrough  experiments  is  shown  in 
Figure  1.  Air,  used  as  the  carrier  gas,  passes  through  a  molecular  sieve  dryer  and  a 
carbon  filter  to  remove  water  and  organics.  The  main  metering  valve  regulates  the 
flow.  After  the  clean  air  passes  through  the  flowmeter,  a  portion  of  the  stream  is 
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saturated  in  a  water  bath.  The  desired  relative  humidity  is  achieved  in  the 
following  manner.  The  metering  valve  and  the  bypass  valve  are  set  such  that  the 
ratio  of  the  their  flows  produces  a  relative  humidity  near  the  desired  value.  The 
humidity  analyzer  and  controller  (EG&G  911  Digital  Humidity  Analyzer)  measures 
the  relative  humidity  of  the  feed  stream  based  on  the  temperature  of  the  feed 
stream.  If  the  relative  humidity  is  below  the  setpoint,  the  water  bath  heater  is 
activated.  Since,  it  is  a  simple  on-off  controller  with  no  cooling  action,  the  initial 
setting  of  the  bypass  flow  must  produce  a  lower  than  desired  RH.  The  humidified 
air  flows  through  the  carbon  bed  and  the  effluent  relative  humidity  is  measured  by 
a  second  EG&G  humidity  analyzer.  Periodically  during  each  breakthrough  run  the 
bed  was  removed  from  the  flowing  air  stream  in  order  to  weigh  it. 

The  carbon  sample  used  was  12x30  mesh  BPL  Lot  #7502.  Calgon 
literature  states  that  the  bulk  density  of  the  carbon  is  480  kg/m3.  The  particle 
diameter  is  taken  to  be  0.001  m.  The  sample  for  each  experiment  is  dried  for  at 
least  two  days  at  110  °C.  The  carbon  is  then  poured  into  a  0.0415  m  diameter 
plexiglass  tube  to  give  a  bed  depth  of  approximately  4  cm.  The  overall  heat 
transfer  coefficient  of  the  plexiglass  is  taken  to  be  0.093  kJ/m‘  K  s. 

4.  RESULTS  AND  DISCUSSION 

4.1  Water  On  Activated  Carbon. 

The  breakthrough  concentration  and  temperature  have  been  measured 
using  the  following  feed  and  initial  bed  conditions:  50%  RH  feed  to  a  clean  bed,  80% 
RH  feed  to  a  bed  equilibrated  at  50%  RH,  80%  RH  feed  to  a  clean  bed.  These 
conditions  have  been  chosen  to  illustrate  the  three  different  wave  types  that  can  be 
formed  in  an  adsorption  bed.  Rhee  et  al.e  describe  the  three  wave  types  as 
gradual,  abrupt  and  combined  in  their  equilibrium  theory  analysis.  The  important 
features  of  each  are  discussed  as  each  experiment  is  analyzed.  Table  1  is  a  summary 
of  the  operating  conditions  for  each  experiment.  Table  2  lists  the  heat  capacity 
values  used  in  this  study. 
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TABLE  1.  Breakthrough  Experiment  Conditions 


Experiment 

Feed 

Initial  Bed  Conditions 

V 

Tamb 

RH% 

T(K) 

RE% 

T(K) 

Carbon  (g) 

(m/sec) 

(K) 

1 

50 

298 

0 

297.5 

23.96 

.0616 

297.5 

2 

80 

297 

50 

297 

23.96 

.0616 

297 

3 

80 

298 

0 

298 

25.85 

.123 

298 

TABLE  2.  Heat  Capacities 
=1.04  kJ/kg  K 
c§  =  2.7  kJ/kg  K 

cf  =  0.075  kJ/kg  K 

Tnf  =  298°  K 


In  order  to  implement  the  stage  model  and  the  equilibrium  theory  model 
the  form  of  the  equilibrium  relationship  must  be  established.  It  is  proposed  that  a 
modification  to  the  H  acs  k  ay  lo- LeVan  isotherm13  would  give  a  reasonable  fit  to  the 
data.  The  form  of  the  equation  is  as  follows: 


In  (p) 


A'  - 


B' 

C'  +  T 


(31) 


where 

A'  =  A  +  (Kl#  +  l)!n(#)  B'  =  B  C'  =  C  +  K2(t  -  9)  (32) 

and 
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•  =  s- 

(U»t 


(33) 


A 


RT2 


ain  (P) 
d? 


q 


RT2 


B* 

(C'  +  T)2 


(34) 


The  following  values  axe  used  for  water  adsorption  on  BPL: 

A  =  18.3036  B  =  3816.44  C  =  -46.13 

K1  =  2.56  K2  =  37.9  q^  =  0.0217 

The  Antoine  parameters,  taken  from  Reid  et  al.,14  give  the  vapor  pressure 
in  millimeters  of  mercury.  The  isotherms  of  water  on  BPL  have  been  measured 
previously  by  Mahle  and  Friday15  over  the  temperature  range  15  -  35  °C.  Only 
adsorption  data  is  considered  here;  desorption  is  not  considered.  The  result  of 
correlating  the  adsorption  data  using  equations  31  -  33  is  presented  in  Figures  2  and 
3  in  the  modified  isotherm  plane  of  q  versus  v  c.  Figure  3  is  an  enlargement  of 
Figure  2  in  the  low  loading  region. 

The  value  of  ky,  the  mass  transfer  coefficient,  can  be  calculated  using  the 
Sherwood  number  correlation  of  Ran*  and  Marshall.16  Calgon  literature  indicates 
that  an  appropriate  value  for  a,  the  surface  to  volume  ratio,  is  3400  m"1. 

4 .2  Breakthrough  of  50%  RH  Feed  To  A  Clean  Bed. 

The  breakthrough  results  for  a  challenge  of  50%  RH(0.628  mol/m3  at 
208  °K)  air  to  clean  bed  correspond  to  a  region  of  the  isotherm  that  is  unfavorable 
for  adsorption.  The  effluent  concentration  and  temperature  are  plotted  as  a 
function  of  time  in  Figure  4.  The  eifiurn'  concentration  versus  time  curve  is  typical 
of  a  gradual  wave.  The  breakthrough  curve  is  concave  downward  to  the  time  axis. 
After  a  short  period  of  t  me,  xn  appreciable  percentage  of  the  feed  concentration  is 
seen  in  the  effluent.  The  tempe.  sture  rw  ponae  is  also  typical  of  a  gradual  wave. 

The  temperature  quickly  rises  to  k  maximum  (in  this  case  about  305  °K)  and  then 
falls  gradually  back  to  >!.*•  feed  temperature. 

Construction  of  uolutiona  using  equilibrium  theory  requires  the  use  of  the 
two  rule*  stated  earlu*..  A  wave  will  be  gradual  if  possible.  Slopes  in  the  q  versus 
v  c  plane  must  incre  »«e  from  initial  to  feed  conditions.  There  are  two  seta  of 
characteristics  corrrrpcnding  to  two  root',  of  the  equation  29.  The  two 


16 


characteristic  curves  are  required  in  order  to  obtain  the  path  that  connect  any 
initial  condition  to  any  feed  condition.  The  1  wave  is  the  first  wave  to  leave  the 
bed,  therefore  it  must  be  the  wave  connected  to  the  initial  condition  while  the  2 
wave  is  connected  to  the  feed. 

The  slope  of  the  1  characteristic  on  the  q  versus  v*c  plane  is  decreasing 
from  the  initial  condition,  a  clean  bed.  This  means  there  will  be  a  shock  path  that 
leaves  this  point.  This  is  shown  as  the  bottom  dotted  line  in  Figure  2  and  the 
upper  dotted  line  in  Figure  3  emanating  from  the  origin.  The  2  wave  that  connects 
the  feed  condition,  50%  RH,  has  a  constantly  increasing  slope  from  initial  to  feed 
condition  corresponding  to  a  gradual  wave  represented  by  the  bold  solid  line  in 
Figures  2  and  3.  The  point  where  the  shock  from  the  initial  condition  and  gradual 
wave  meet  can  be  found  by  stepping  out  in  temperature  along  each  path  using 
equations  29  and  30  until  they  intersect.  This  corresponds  to  a  plateau 
concentration.  Figures  2  and  3  make  it  easy  to  visualize  how  the  solution  path  cuts 
across  isotherms  producing  a  temperature  wave. 

There  is  very  close  agreement  between  the  stage  model,  the  equilibrium 
theory  model,  and  the  data  as  seen  in  Figure  4.  The  equilibrium  theory  solution 
does  predicts  a  larger  temperature  rise  than  the  stage  model.  This  is  expected 
because  equilibrium  theory  assumes  adiabatic  behavior.  The  actual  recorded 
temperature  does  not  reach  as  high  as  the  prediction  because  during  the  first 
minutes  of  the  run  the  sample  tube  was  periodically  taken  off  line  so  that  the  water 
uptake  could  be  recorded.  Note  that  both  the  concentration  and  the  temperature 
wave  travel  with  the  same  velocity  as  seen  in  Figure  4.  This  is  predicted  by 
equilibrium  theory  using  equation  28. 

A  preliminary  study,  using  only  isothermal  equilibrium  theory,  did  not  fit 
the  data  indicating  that  the  effect  of  temperature  is  very  important  to  this  process. 
There  is  a  gradual  wave  associated  with  the  low  RH  for  the  isothermal  case. 
However,  the  shock  associated  with  temperature  tends  to  overrun  these  gradual 
wave  characteristics  in  the  adiabatic  case  leading  to  a  shock  in  temperature  and 
concentration.  Note  that  because  the  water  isotherm  is  unfavorable  at  lower  RH 
these  low  concentrations  tend  to  run  out  of  the  column  quickly.  The  large 
temperature  rise  associated  with  the  i  wave  has  the  effect  of  removing  water  from 
the  bed  that  was  just  adsorbed  at  the  lower  temperature.  This  increases  the 
required  time  for  complete  saturation  of  the  bed.  It  appears  that  isothermal 
adsorption  would  provide  a  faster  means  of  achieving  saturation. 
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4.3  Breakthrough  of  80%  RH  Feed  To  Bed  Equilibrated  At  50%  RH. 


The  water  isotherm  is  favorable  between  50%  RH  (0.628  mol/m3  at  298°K) 
and  80%  RH(1.001  mol/m3  at  298°K)  as  seen  in  Figure  2.  This  is  the  typical  shape 
of  an  adsorption  isotherm,  and  one  could  expect  the  standard  S-shaped 
breakthrough  curve.  Figure  5  shows  the  results  of  an  80%  RH  feed  to  a  bed 
initially  equilibrated  at  50%  RH.  Although  the  shape  of  this  curve  is  not  very 
sharp,  the  breakthrough  behavior  does  follow  an  S-shaped  pattern. 

This  S-shaped  pattern  is  called  an  abrupt  wave  or  a  constant  pattern 
wave.  This  means  that  at  a  certain  distance  into  the  bed,  the  shape  of  the 
concentration  front  does  not  change  as  the  wave  is  transmitted  down  the  bed. 

There  is  also  an  initial  shock  characterized  primarily  by  a  temperature  rise. 

Referring  back  to  Figure  2,  the  2  characteristic  emanating  from  the  feed  of 
80%  RH  and  the  1  characteristic  from  the  initial  concentration  of  50%  RH  both 
violate  the  gradual  wave  criterion.  The  slopes  of  these  waves  decrease  from  initial  to 
feed  conditions,  therefore  each  of  these  waves  must  start  as  a  shock.  The 
equilibrium  theory  solution  then  requires  that  equation  30  be  solved  from  both  the 
initial  and  feed  conditions  until  they  intersect,  while  at  each  increment  checking  to 
see  whether  the  slope  of  the  gradual  wave  is  continuing  to  violate  the  gradual  wave 
criterion.  The  intersection  point  leads  to  a  plateau  condition.  This  path  is  close  to 
having  a  gradual  portion  because  it  is  so  close  to  the  inflection  point  of  the 
isotherm.  However,  the  adiabatic  nature  of  this  system  results  in  the  formation  of 
two  shocks. 

The  simulation  provided  by  the  stage  model  and  equilibrium  theory 
represent  the  data  woll  for  this  run.  The  resulting  breakthrough  behavior  is  shown 
in  Figure  5.  Equilibrium  theory  provides  a  '  ty  accurate  measure  of  the  center  of 
both  the  concentration  and  temperature  waves.  The  plateau  region  between  the 
two  shock  fronts  is  apparent  in  the  data.  Again  thn  temperature  rise  measured  in 
the  experiment  is  reduced  due  to  sampling  of  the  upiaie  weight  of  the  bed.  The 
effect  of  the  mass  and  heat  transfer  resistances  in  the  stagemodel  becomes  obvious 
in  the  shock  portion  of  the  breakthrough  curves.  These  resistances  tend  to  spread 
out  the  shock  wave  in  an  actual  experiment. 

4.4  Breakthrough  of  80%  RH  Fred  To  A  Clean  Bed. 

The  water  isotherm  changes  from  unfavorable  to  favorable  between  50% 
RH  and  80%  RH.  The  effect  of  th Is  inflection  in  the  isotherm  should  be  apparent 
on  the  breakthrough  behavior.  Figure  6  shows  the  breakthrough  data  measured  for 
80%  RH  feed  to  a  clean  bed.  Notice  that  the  resulting  breakthrough  curves  of  both 
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temperature  and  concentration  are  essentially  a  combination  of  the  first  two 
experiments.  The  only  difference  is  the  faster  flow  rate  (10  1/min  as  opposed  to  5 
1/min). 


The  equilibrium  theory  solution  path  is  characterized  by  an  initial  1  wave 
shock  as  in  .he  run  with  5G%  RH  feed  to  a  clean  bed,  the  lower  dotted  line  in 
Figure  3.  There  is  also  a  shock  emanating  from  the  feed  as  in  the  run  with  80%  RH 
feed  to  a  bed  equilibrated  to  50%  RH.  However  there  is  a  third  transition.  As  the 
isotherm  changes  from  favorable  to  unfavorable  a  combined  wave  is  formed  that 
shows  both  shock  and  gradual  wave  behavior,  Figure  2.  It  is  possible  to  identify 
this  as  a  combined  transition  because  it  does  not  have  a  plateau  region  where  the 
two  waves  unite.  There  is  a  portion  of  the  gradual  wave  for  80%  RH  feed  to  clean 
bed  that  parallels  the  shock  path  for  80%  RH  feed  to  a  bed  equilibrated  at  50%RH. 
The  two  runs  are  not  identical  over  the  same  range  of  RH.  This  result  only 
becomes  apparent  in  the  adiabatic  analysis. 

The  shape  of  both  the  concentration  and  temperature  profiles  agrees  with 
the  stage  model  and  equilibrium  theory  predictions.  The  subtle  shape  of  the 
combined  transition  is  not  obvious  from  the  data.  Equilibrium  theory  allows  this 
combined  transition  to  be  identified. 

5.  CONCLUSIONS 

•  The  three  types  of  waves  that  can  be  formed  in  and  passed  through  an 
adsorption  bed  are  demonstrated  both  mathematically  and  experimentally. 

•  The  stage  model  seems  to  fairly  represent  the  breakthrough  using 
correlated  equilibrium  data  and  a  prion  calculated  rate  parameters. 

•  Equilibrium  theory  allows  the  exact  nature  of  the  transitions  to  be 
explored. 

•  The  inability  of  equilibrium  theory  to  be  used  with  heat  and  mass  transfer 
resistances  leads  to  some  discrepancy  between  this  method  and  the 
experimental  results. 


19 


i 

I 

I 

s 

a 


a 

Blank  Jj 

1 

1 

1 
3 
I 
1 

I 

I 
I 

I 
I 


20 


NOTATION 


a 

A,  B,  C 
c 

* 

c 

c 

a 

cf 


nf 

h. 

kv 

Kl,  K2 

L 

P 

q 

%at 

ri 

R 

t 

T 

T 


U 

v 

V 

c 

I 

< 

( 


ref 


X 

pb 

pf 

Pto 


=  surface  to  volume  ratio(m**) 

=  Antoine  equation  parameters(p  .  in  mm  Hg) 

S<lt  ^ 

=  gas  phase  concentration  of  watcr(mol/m  ) 

=  gas  phase  concentration  of  water  in  the  pellet (mol/m'*) 
=  heat  capacity  of  adsorbed  phase(kJ/kgK) 

=  heat  capacity  of  gas  phase(kJ/kgK) 

=  heat  capacity  of  solid  phase(kJ/kgK) 

=  enthalpy  of  gas  phase(kJ/kg) 

=  enthalpy  of  solid  phase(kJ/kg) 

=  mass  transfer  coefficient(m/s  Ref.  16) 

=  coefficients  of  water  adsorption  isotherm,  Eq.  (32) 

=  length  of  bed(m) 

=  partial  pressure  of  water(Torr) 

=  so'id  phase  concentration(mol/kg) 

=  solid  phase  concentration  at  saturation(mol/kg) 

=  inner  radius  of  filter  tube(m) 

=  gas  constant 
=  time 

=  temperature(K) 

=  temperature  of  feed  gas(K) 

=  heat  capacity  reference  temperature(K) 

=  overall  heat  transfer  coefficient  of  filter  tube(kJ/m^Ks) 
-=  interstitial  velocity(m/s) 

=  interstitial  velocity  of  feed(m/s) 

=  axial  distance  coordinate(m) 

=  void  fraction  of  packing 
=  dimensionless  axial  coordinate,  Eq.  (7) 

=  fractional  saturation  of  the  bed 
=  heat  of  adsorption(kJ/mol) 

=  bulk  density  of  packing(kg/m  ) 

=  density  of  gas  phase(kg/rn  ) 

=  density  of  inlet  gas  (kg/m'*) 

=  dimensionless  time,  Eq.  (6) 
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Figure  2  Path  In  Modified  Isotherm  Plane 

53MRH,  80^RH  Feed  To  Cleon  Bed 
And  80MRH  Feed  To  S0''RH  Bed  Of  BPL 
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Detection  of  Hazaroous  Vapors  Including  Mixtures  Using 
Pattern  Recognition  Analysis  of  Responses  from  Surface 
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iaatrui—Bta  should  b*  small,  porta bla,  and  inaipenaive.  It 
would  alao  ba  advantageous  to  have  an  instrument  that  could 
be  adapted  to  many  detection  problems.  Pew  inatrumenta 
hav*  the  necamary  sensitivity  and  Mlectivity,  while  main¬ 
taining  the  small  sue  needed  in  the  field.  Microelectronic 
chemical  Manor*  meat  the  tixa  requirement,  can  be  very 
MnaiUve,  and  can  show  3  to  4  order*  of  magnitude  selectivity 
between  toxic  vapor*  of  internet  and  common  interferenta. 
Nevertheless,  thaaa  capabditiaa  may  ba  insufficient  if  the 
inUrfaraot  ooacentratiooa  era  order*  of  magnitude  greater 
than  the  vapor  ooooentrationa  that  muat  ba  detected. 

Pattern  raocgrution  techniques  in  oonjunctioo  with  an  array 
of  Mtiaor*  ia  a  promising  approach  to  this  type  of  analytical 
problem.  This  approach  has  bean  applied  to  vapor  response 
data  from  electrochemical  tensor*  (1),  to  the  election  of 
coatings  for  piaaoslectric  crystal  asnaora  (21,  and  to  the  study 
of  coatUHC*  and  identification  of  vapors  using  surface  acoustic 
wave  (SAW)  devices  (3).  In  the  Uttar  study,  th?  clustering 
of  vapor*  demonstrated  that  vapor  solubility  properties,  such 
m  hydrogaa  bopdiag,  war*  unportant  in  determining  how  the 
ksoaors  respond.  la  a  recent  paper  by  Carey  and  co-worker*, 
multiple  linear  rag— ion  and  partial  iaast-equana  calibration 
techniques  war*  used  to  measur*  the  concentration  of  two- 
and  three-component  mixturea  by  a*  array  of  nine  pietoe- 
lectrtc  crystal  innanrt  (4).  The  goal  of  our  present  work  is  the 
detection  of  *  single  vapor  or  cIsm  of  vapor*  in  a  complex 
environment,  rather  than  the  identification  of  the  different 
unpooeeta  of  the  large  number  of  mixturea  possible  in  the 
environment  Our  specific  objective  is  the  detection  of  toxic 

oryanophoephorue  compounds. 

Several  rasa  i  groups  are  invastigating  SAW  device*  for 
toxic  vepor  detection  because  of  their  small  sue  and  excellent 
Miwit-vity  (J,  5  2/)  Theea  planar  microeensoct  consist  of 


F«sr  et  *m  i 

common  la  a  pravtous  study.  an*  *w8r  reap  an  ns  la  *w  i 
vapors  ware  uaa*  as  a  predtoPsa  sol  la  las*  *m  i 
capemy  of  a  — ar  dteorkshws*  Owretapw*  >s  that  i 
af  the  vapor*  we—  oerraody  MassMed,  asoapt  waSar.  Prbs- 


INmODUCTION 

Great  demands  have  been  placed  on  tone  vapor  detector* 
because  detection  of  sub- part  par  million  roiwant/aUone  is 
required  in  ambient  conditions  where  interferences  can  be 
present  at  much  higher  eonceolratione.  In  addition,  field 
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interdigital  transducers  that  are  microfabricated  onto  the 
surface  of  a  piezoelectric  substrate,  such  as  quartz.  The 
transducers  convert  an  applied  radio  frequency  (rf)  voltage 
into  a  Rayleigh  surface  wave  when  placed  in  an  oscillator 
circuit  Chemical  sensitivity  is  provided  by  a  thin  film  coating 
of  a  selectively  sorbent  material.  Vapors  sorbed  into  the 
coating  increase  its  mass  and  perturb  the  Rayleigh  wave.  This 
perturbation  is  detected  electronically  as  s  shift  in  the  fre¬ 
quency  of  the  oacillator  circuit  The  principles  of  operation 
are  described  in  detail  in  ref  7.  The  sensitivity  and  selectivity 
of  the  response  are  dependent  upon  the  vapor/coating  in¬ 
teraction*.  The  sorption  of  vapors  by  a  SAW  sensor  coating 
and  the  solubility  interactions  between  tha  vapor  and  the 
coating  are  discussed  in  detail  in  ref  5. 

An  instrument  comprised  of  an  array  of  SAW  sensors  would 
be  designed  with  a  different  coating  on  each  sensor,  and  each 
coating  would  be  selected  to  respond  differently  to  a  set  of 
vapor*.  The  combination  of  sensors  selected  to  interact  with 
different  chemical  properties  would  produce  a  uniqus  fin¬ 
gerprint  for  each  vapor.  The  sensors  encode  chemical  in¬ 
formation  about  the  vapor*  in  a  numerical  form,  which  can 
be  analysed  with  pattern  recognition  methods.  Each  sensor 
defines  an  aria  in  a  multidimensional  space.  Vapors  can  be 
represented  as  points  positioned  in  this  space  according  to 
sensor  responses.  Vapors  that  produce  similar  responses  from 
the  set  of  coating*  will  tend  to  be  represented  by  points  that 
duster  near  one  another  in  the  multidimensional  space. 
Pattern  recognition  usee  multivariate  statistics  and  numerical 
analysis  to  investigate  such  clustering  and  to  elucidate  rela¬ 
tionships  in  multidimensional  data  seta.  By  use  of  supervised 
learning  techniques,  a  discriminant  can  be  developed  to  dis¬ 
tinguish  between  tone  vapors  of  interest  and  interfarenta. 
This  type  of  instrument  can  be  adapted  to  specific  detection 
problems  by  tha  choice  of  the  discriminant  developed  or  by 
•alerting  different  costings  for  the  array  and  developing  the 
appropriate  discriminant. 

In  a  previous  study  conducted  in  our  laboratory,  a  large  data 
set  was  generated  by  using  112-MHx  SAW  vapor  sensor*. 
Pattern  recognition  techniques  were  used  to  analyse  the  re¬ 
sponses  of  12  SAW  coatings  to  11  vapor*  at  various  concen¬ 
trations  (J).  The  vapors  were  divided  into  two  classes'  class 
1,  vapors  of  interest;  class  2,  potential  interference*.  The 
number  of  sensors  needed  to  discriminate  between  vapors  of 
interest  and  the  interferences  was  reduced  from  the  original 
12  to  4  by  pattern  recognition  data  analysts.  Several  com¬ 
binations  of  coatings  were  successful  in  the  classification. 

In  tha  present  study,  158-MHs  SAW  devices  were  used  to 
generate  another  large  date  set.  These  higher  frequency 
devices  have  a  greeter  maaa  sensitivity  and  a re  smaller  Each 
sensor  is  wire  bonded  on  e  conventional  12  pin  gold  TO- 8 
header,  for  ease  of  handling.  Ten  coatings  were  examined, 
including  four  used  in  the  previous  study  The  data  tat  in¬ 
cludes  exposures  to  nine  single  vapors  at  venous  concentra¬ 
tion*  pi' a  several  two-oomponent  nurtures  of  the  vapors.  The 
objectives  were  2-fold.  First,  we  wanted  to  test  the  cleaeifi- 
cstiosi  cepebsltty  of  the  discriminant  generated  in  the  previous 
study.  The  responses  of  the  sensors  coated  with  the  same 
materials  tasted  2  years  earlier  were  used  as  e  prediction  set 
Second.  w«  wanted  to  investigate  the  clustering  of  seneor 
ntpoQHi  in  e  date  set  including  both  single  vapors  end 
mirturea  These  data  served  ea  a  training  set  for  a  new  die- 
enminant  able  to  identify  hazardous  vapor*  when  present  in 
mixture*  containing  an  interference  vapor  at  s  .  inch  higher 
concentration. 

EXPERIMENTAL  8IXTION 

Tbie  study  wee  conducted  in  two  stages:  <*)  rollert*>n  of  the 
date  and  0»>  application  of  pattern  recognition  enelys*  methods 
to  the  (olierted  date. 


Table  1.  Test  Vapors  and  Mixtures 
Class  1 

dimethyl  methylphosphonate  (DMMP) 

\„V-dimethyla«tan)ide  (DMAC) 

mixtures  of  each  cleat  1  vapor  with  each  class  2  vapor 

Cleat  2 

1^-dichloroethane  (DCE) 
water 

iaooctxne  f  ISO) 
toluene  (TOLN) 
diethyl  sulfide  (DCS) 

2-butxnone  tBTN) 

1-butanol  (BTL) 

mixtures  of  water  with  each  claw  2  vapor 
isooctan*  with  each  class  2  vapor 
2-buUnone  with  each  elate  2  vapor 


Table  11.  Coatings 

FPOL 

fluoropolyol 

PEM 

polyethylene  males ta) 

PECH 

polyt  epichiorolaydrin) 

PVP 

poiyfvinytpyrrolidooe) 

EC  EL 

tthyi  cellulose 

PBOH 

pot  yt  butadiene)  hydroxyls  ted 

PEI 

polyfathyteouainel 

PEPH 

poiyfathyfea*  phthalate) 

PFA 

poiyfisoprane/fluoro  alcohol) 

PIB 

poiy<  isobutylene) 

Material*.  The  vapors  used  an  listed  in  Table  I.  Solvents 
for  the  vapor  feneration  were  commercial  materials  of  99%  or 
greeter  purity,  except  diethyl  sulfide  (96%,  AJdrich)  and  dimethyl 
mcthylphosphonete  (97%,  Aldrich). 

A  list  of  the  con  ting  materials  and  the  sbbrevietion*  used  in 
this  study  is  given  in  T able  II.  The  coating  materiel*  polylep- 
ichkrohydrin)  and  polyi  wobutyfune)  ware  obtained  from  Aldnch. 
PdyfvtnylpyrToPdone)  we*  purchased  from  AUtech.  PolyUthy- 
leoimine)  and  ethyl  cellulose  wars  acquired  from  Poi /science*. 
Poryiethyisoe  males  La)  was  prepared  as  described  by  Snow  and 
Woiiitjeo  (8).  Fluoropolyol  we*  prepared  by  using  methods  de¬ 
scribed  by  Field  (22).  Polytethyien*  phthalate)  wee  prepared  from 
phthalic  anhydride  and  athytene  glycol  as  described  in  ref  23.  The 
polytieoprene/  Quoro  alcohol)  was  prepared  from  poly<3.4-i*opf*n#) 
and  excess  hexafluorowcatoo*  as  described  in  ref  24,  where  it  is 
referred  to  a*  PIPFAl.  Polylbutedwnei-hydroxyUteri  wes  pre¬ 
pared  by  hydrolysing  tpoxidued  -oly<  butadiene)  with  aqueous 
HCl  in  d  jo  lane  The  potyi  butadiene)  used  wee  from  Polyaaencoe 

SAW  Seeeert.  The  IS8-MH1  duel  SAW  delay  line*  (Micro- 
aeneor  System.  Inc.  of  Fairfax  VA.  part  nuiabar  SD-158-A)  have 
bean  described  (3)  and  are  departed  in  Figtae  1.  The  rf  electromai 
modules  that  operated  the  device*  aver*  described  in  tha  same 
reference.  One  delay  line  of  each  dual  device  was  a  prey  coated 
with  t  dilute  aolution  of  the  mating  material  in  a  volatile  solvent 
(usually  chloroform,  tetrehydrofnran.  or  a  methanol /chloroform 
mixture)  ae  deamhed  ui  ref  3  end  h  floating  deposition  produced 
frequency  shifts  of  200-260  kllx.  which  were  recorded  end  used 
is  *  measure  of  the  amount  of  anting  materiel  far  normalization 
sad  oompanaeo  of  data  (7).  The  uncoaled  delay  line  acted  ae 
•  reference  nan  lie  tor  to  provide  compensation  for  ambient  tem¬ 
perature  and  premure  fluctuate**.  The  low  frequency  difference 
■agnal  between  the  uneneted  reference  delay  line  and  tha  coated 
delay  lua*  wee  monitored  during  the  vapor  exposures  (J.  St. 

Data  Celiac  tie*.  Vapor  itreaai*  ware  generated  by  using  an 
automated  (at  handler  system  interfaced  with  ea  Apple  II* 
microcomputer.  The  tret  vapor*  wan*  federated  from  bubblers 
or  permeation  tubes  end  diluted  to  known  concentration*  The 
gee  flow  rate  to  the  aanenra  wee  !<»)  ml, /min.  Th*  experimental 
system  is  described  in  daUil  in  ref  75. 

The  temperature  at  th*  awnwm  was  monitored  and  wqa  typtcelly 
33  a  2  *C.  Th*  aeneor*  ware  reeled  in  arrays  of  four  connected 
to  the  vspur  stream  in  aertee.  Keen  array  included  on*  fluoro- 
poiyoi .  oeied  sensor  and  '  '-ee  other  coating*.  The  fluoro- 
polyol  coated  aeneor  provided  a  check  for  consistency  from  one 
array  to  another.  Each  array  we#  ti posed  to  nine  tingle  v*(air*. 
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Each  vapor  was  measured  at  four  concentrations,  with  each 
concentration  repeated  four  times.  Two-component  mixtures  were 
generated  at  a  single  combination  of  concentrations  and  the  sensor 
responses  were  again  measured  four  Umes.  Typical  experiments 
consisted  of  repeated  exposures  of  air/vapor/air/vapor/air. 
Sensor  exposures  were  3  min  long  with  st  least  6  min  of  recovery 
time  between  exposures.  The  difference  frequency  output  wss 
usually  recorded  every  6  t  at  1-Hx  resolution.  Dimethyl  me- 
thylphosphonata  exposures  were  repeated  periodically  throughout 
each  vapor  test  set  to  check  for  consistent  sensor  performance. 
Some  of  the  sensors  were  repeated  in  mors  than  one  array. 
Polyivinylpyrrolidone)  demonstrated  poor  reproducibility,  and 
t  good  data  set  including  mixtures  was  not  generated  with  that 
coating.  This  coating  was  used  only  for  comparison  with  the 
pattern  recognition  study  reported  m  1986  (3). 

Responses  were  determined  from  the  equiiibnum  vapor  sorption 
at  the  end  of  the  exposure,  as  described  in  detail  in  ref  5.  Each 
sensor  wss  coated  with  slightly  different  amounts  of  material.  To 
enable  comparisons  of  one  coating  response  to  another,  the  re¬ 
sponses  were  normalixed  for  coating  thickness  by  dividing  by  the 
kilohertz  frequency  shift  observed  when  each  sensor  was  coated. 

Palter*  Recognition.  The  normalized  sensor  responses  were 
organi  c*]  into  two  data  matrices  for  analysis.  The  two  exposures 
within  a  vapor  exposure  experiment  were  averaged.  A  104  X  4 
matrix  included  data  for  four  coatings  exposed  to  the  nine  single 
vapors.  The  results  of  all  the  single  vapor  exposure  experiments 
at  the  different  concentrations  were  included.  These  four  coatings 
were  common  to  our  previous  study;  this  matrix  was  used  as  a 
set  of  unknowns  (a  prediction  set)  to  test  the  linear  discriminant 
developed  in  that  study.  The  second  matrix,  172  X  9,  included 
all  the  coatings  tested  in  this  study,  except  potyfvinytpyrrotidane), 
tasted  against  both  the  individual  vapors  and  the  nurtures.  At 
least  two  vapor  eiposurea  at  each  concentration  were  included 
in  the  data  set.  This  matrix  was  first  examined  by  using  the 
normalised  dels  as  collected.  It  ~ree  also  after  correcting 

for  venations  observed  in  the  fluoropolyul  responses  between  teat 
arrays. 

These  data  were  analyzed  on  a  VAX  11-750  computer  using 
pattern  recognition  routines  included  in  the  ADAPT  software 
system  (26).  Each  row  in  each  matnx  tt  a  pattern  vector,  rep¬ 
resenting  responses  of  the  coatings  to  a  given  vapor  /  concentration 
experiment  The  pattern  vectors  were  normalized  by  dividing 
each  sensor  response  by  the  square  root  of  the  sum  of  the  squared 
sensor  responses  in  e  given  vapor  experiment  because  dividing 
the  sensor  responses  by  concentration  a  not  possible  for  a  field 
instrument  measuring  unknowns.  This  closure  method  is  pattern 
normaluauon  as  described  previously  ( / ).  Seoaor  responses  can 
vary  by  orders  of  magnitude;  It  a  important  to  make  them  more 
compatible.  Autoacaling.  a  pre processing  method  that  scales  and 
normaiiMS  the  data,  is  useful  for  correcting  the  unbalance  between 
sensors  and  does  not  altar  the  haste  geometry  of  the  clustering 
(26).  Kart  response  for  a  coating  was  then  cutcecalsd  to  a  mean 
of  taro  end  a  standard  deviation  of  unity. 

Be  causa  many  of  the  e  vails  ble  sensor  coatings  encode  similar 
information,  ooUinaaritiaa  between  sensor,  may  caves  numerical 
i  nets  bill  ties  in  the  analysts  phaaa.  Mu-tipla  linear  regress  ton 
analysis  was  used  to  uncover  muiticoUinear  relationships  among 
tha  detector  responses  in  order  to  identify  the  rmsllest  set  of 
sensors  providing  the  largest  amount  of  relevant  information. 
Once  s  set  of  sensors  is  found  that  contributes  unique  information, 
pattern  recognition  techniques  for  display,  mapping,  clustering, 
and  classification  were  employed,  the  methods  used  have  been 
described  in  ref  I  and  3. 

RE3ULT3  AND  DISCUSSION 
SAW  Banner  Taatlng.  A  schematic  diagram  of  tha  dual 
daisy  tins  SAW  device  is  given  in  figure  I .  Sensor  raapnnaa 
data  were  collected  by  monitoring  the  difference  frequency 
hat  ween  the  crated  delay  line  and  the  unoatad  reference  'Islay 
line.  When  the  (as  stream  over  the  sensor  a  changed  from 
clean  air  to  vapor -containing  air,  tha  frequency  of  the  crated 
delay  line  shifts  to  a  lower  value.  Thai  negative  frequency  shift 
is  misted  to  the  mass  of  the  vapor  sorlied  by  the  reeling  (/). 
Ideally,  the  reference  signal  doaa  not  change,  and  the  p<aitive 
difference  signal  a  elan  related  to  the  mass  of  vapor  sorbed. 


Figure  1.  158-MMr  SAW  device  and  advocated  electronic  circuit 
dMpram. 

However,  in  practice,  the  reference  signal  can  change  signif¬ 
icantly  in  response  to  vapor  exposures  (5).  Therefore,  the 
difference  signal  accurately  representa  vapor  sorption  only 
when  the  signal  dnnge  on  the  coated  side  is  much  greater  titan 
the  change  on  the  reference  skk.  This  condition  is  true  for 
the  sorption  of  DMMP  by  fluoropolyol-coated  sensors  (5),  fot 
example,  but  not  for  all  tha  vapors  and  sensor  coating  m si¬ 
te  naia  reported  hare. 

The  tensor  testing  reeuiU  are  presented  in  Table  III  as  the 
frequency  shift  observed  divided  by  tha  kilohertx  of  coating 
on  tha  senaor.  Each  number  ia  the  averse  a  of  (usually)  four 
measurements  at  that  vapor  concentration.  Negative  dif¬ 
ference  signals  wen  observed  in  a  minoiity  of  case*.  These 
occurred  moat  frequently  for  the  coating  poly(iaobutylene), 
which  does  not  sorb  moat  vapors  very  strongly.  The  vapor 
moat  frequently  associated  with  negative  difference  signals 
ia  water,  which  caa  sorb  strongly  to  the  glass  surface  on  the 
reference  vide. 

Our  specific  objective  ia  the  detection  of  toxic  orgeno- 
phosphoru*  compounds.  These  strongly  hydrogen  bond  ac¬ 
cepting  vapors  an  simulated  by  using  leas  toxic  dimethyl 
methylphoephonate  (DMMP)  and  N^V-dimethylacetamide. 
DMMP  ia  an  organophoaphorus  compound,  and  both  simu¬ 
lants  4  •  strong  hydrogen  bond  acceptor*.  DMMP  •-nor 
streams  were  generated  at  low  concentrations  with  a  per¬ 
meation  tube,  and  at  higher  concentrations  with  a  bubbler. 
Thus  sennors  wen  tested  against  this  vapor  over  a  much  <  xier 
concentration  rang*  than  .n  previous  studies  (3).  The  ..  ven 
vapors  that  are  not  simulants  represent  a  variety  of  potential 
interferenta. 

Mast  costing  materials  respond  similarly  to  the  two  simu¬ 
lant  vapor*  and  tlalemenu  about  DMMP  will  usually  also 
apply  to  NA-dimethylaoetamid*.  The  mint  sensitive  matings 
for  these  vapors  are  fluoropolyot  and  poiy(woprene/fhioro 
alcohol).  Tha  t*U.- material  haabeen  designed  to  be  highly 
sensitive  to  these  vapors  by  mcorpo>  s.ing  the  strongly  hy¬ 
drogen  bond  domting  Sexafluoco- Zpropeuol  functionality  (24, 
27.  2H).  Kluoropoiyoi  hat  been  rs ported  i,i  previous  studies 
( J,  6)  and  the  sorption  of  vapors  by  this  material  has  recently 
been  examined  in  detail  (5).  Individual  fluoropolyol-coated 
sensor*  are  reproducible  for  repeated  vapor  exposures,  and 
separate  sensor*  are  comparable  to  one  another.  The  re¬ 
sponse*  of  a  single  fluoropolyol  routed  sensor  to  repeated 
exposures  of  DMMP  are  reported  in  Table  IV.  The  range 
of  variation  at  any  given  concentration  t*  ca  ±'.0%.  Fluo¬ 
ropolyol-coated  senaor*  were  included  in  each  array  of  lour 
senaor*  tested  simultaneously  to  provide  a  check  for  con¬ 
sistency  from  one  four  eenanr  array  to  another.  The  response* 
of  the  fluoropnlyol  w  4  in  the  first  lent  array  were  used  in 
tl>e  lists  set  desmhed  her*  for  the  pattern  recognition  inalynw. 
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Tw*>  'Kmnvri  m'rrferanta  in  many  wnimnmwiU  ara  watar 
•ml  hv».r*«»it»in  f<i»la  r'4y(atbvWnimmal,  •  mating  malarial 
ibat  we  Kara  rv.t  ad  pnnnuili,  waa  tha  rrvwt  watar- 

•anaitiva  oatinf  m  thia  itudy  I T •  bia  III)  t'nlytvinyl- 
pyn .  J  wl< -rta l  rraUrj  mnmm  are  atari  wetat  aanailjve  Hit  were 
nr*  a*  arruuUye  in  thaaa  Mi  aa  bad  Imi  rdaaarvnd  (a  wvvaaily 
(  T)  I-vUad.  MwinMlI  no  \hm  "Mlniil  indiretad 

[mriy  lepeudtu  ibilily  frnr,  aer.  w  a  In  Mntrir,  and  no  rei>aatad 
Mira  i4  irvlirwhiaJ  from  I  ItU  fna  Ihi  m>«<  irmuMii'lr 
Imbavad  [»4y(  rinylpyt  I'Jut  .«•  i  f-aatad  mom*  wara  —me tad 
t'*  im  in  tha  pradirtmn  mi  imUrm  I With  pplytaihylammina) 


funrtinmlitm  L’i#t  oui  intareet  with  wnlar.  They  in  among 
lha  nee*  aatar-aanutrvw  meunaa  in  thia  data  mi  !wt  ara  much 
Uaa  aanaitiv*  to  PMMP  t.  an  the  ‘am  0M  VO’ aanaitiv* 
roatrnga  noted  above  (Tha  I>MMP  ianailiv*  matinga  alan 
raapnnd  In  aratar.  but  Lhair  watar  aenaitimtian  ara  much  laaa 
thar.  their  PM  Ml’  MpeUmtiaa. ) 

Tha  panpaflnia  of  Sydmrarbno  fuakr  ara  rapleaented  in  tha 
art  <4  vapnn  by  tannrtene  and  toluene  In  our  fawvaoua  atudy, 
pnly(i#ng>r*ne>  waa  tha  moat  aanaitnr#  coating  material  for 
wrmrtana  However,  tha  high  reactivity  >4  unaaturatad  hy- 
dnearbnei  potymera  to  oaona  (29)  prompted  ua  to  replace  it 
anth  a  not  bar  alMtomenc  hydrocarbon  polymer,  polytiao- 
Urtytenel  A a  »*  par  tad.  that  malarial  waa  tha  moat  lanaiUva 
mating  for  te*«  atari#  amr>n|  thnae  tested 

Tha  pattern#  nheer>  #d  in  reaponae  to  OMMP.  mmathyl- 
aratamida.  watar,  and  armrtana  ara  ill  Nitrated  in  Figure  2 
TH«a#  (rapha  ara  normal iiiad  ti»  tha  higheat  reaponae  Tha 
paftarna  fi*  OMMl*  and  dimaihvtaretamiil*  ara  quit#  umilar. 
whila  Ouaa  (or  waui r  and  larmrtana  ara  etrilnngly  different 
from  than  and  from  aarh  other 

,  wo  nm|am«it  miitnree  war*  alan  included  m  tha  aenenr 
taat  aeq  nance  Tha  rapnra  m  thaaa  muturee  and  thair  con- 
rantiationa  ara  glean  in  1'ahla  V  Simulant#  at  low  mocen 
(retain#  war*  mitad  with  mt#rfrranta  at  much  higher  con 
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m.rtorao  of  lam  i«‘  -'want*  T>a  nWwl  ami)  ropmai, 
•Vote.  ”M  -tamined  to  m  if  they  war*  mnp*r«lil«  to  th# 
f*-  pot vm  •« peeled  from  •  liraar  or**ib*naLjo*l  of  raapnrieaa 
to  tt>«  on*  la  v«(>r>r«  ahw* 

‘Va,  -  A/^.,  ♦  .V/^a,  H) 

la  iKa  »w*t  majority  of  raaaa,  the  obaervad  twpnnM  r»™ 
within  X)"*  of  tha  r-almtlated  oombrnateom.  fat  norwperiftc 
rwaarmatity  anrlwtit  matoi**  »  h  a*  pnlyi  e^oi  hl<  w-hydrm ) 
and  |»>l'|(l»it*di»i>»)  hydtriiylatad.  th*  a*rwainant  iu  par 

tivuUrly  (r«at,  trpxaily  within  10%.  The  I )  M  M  I' aanai  ti va 
rr-ntin*-*,  fhawr.pr.lyrd  and  lad y< mrfirana / fVi awn  aimhol),  *»v* 
rwpmw*  to  mutiira*  rvinUintn*  I  iMM}'  <*t  low  mnrwntr* 
t  •  '<)  and  mtarfaront  that  rar^wj  from  10%  to  10%  laaa  than 
<>va  -  ain/latad  artdilr**  mi>m*  In  aarh  of  thaw*  r«  u*.  to# 
Urj**t  ilinoatHww  aratw  mut-ira*  of  liMMI1  and  1  hutannn* 
Th  *  otaarvatnai  a  . n (areal  in*  anra  Owaw  taro  npri  are  ho4h 
hydr*-«*n  hond  *orr»t>tr»*  and  Will  mnipat*  with  on*  another 
for  <h*  htriroyan  hrwid  donatio*  arUai  >n  tha  matin*  malarial 
KVaaM#  roaoli. raw  to  linawwtv  whlitiv*  raani  i*a  omtrrad  in 


<!  xtvry  ahift.  Thia  rrwttlt  waa  moat  frorpiant  with  pnlytiwv 
Uitylanal  but  alan  nrcurmd  for  pnlytalhyWirumina)  in  rrwpiirvM 
to  miituraa  of  l>MMf*  flow  concentration)  with  toluene.  di¬ 
ethyl  lulfid*,  1  -but*  non*.  and  I  butanol.  Significantly,  re- 
aponaaa  to  mu  tuna  uk  hiding  ara  tar.  for  which  poly<*thyl«n- 
irema)  ||vaa  important  information,  war*  generally  within 
10  30%  of  tiM  *<p*rt*d  valu*.  Otfv*r  aireptiona  to  Imaarly 
widibea  raaporwaa  inrhafo  lit*  raaprmawa  of  pnlyfathtdanimin*) 
to  miituraa  of  iarnictan*  and  7  Imtanona  with  othar  intar 
laranta  and  raaporwaa  of  (*.ly(«thvUna  malrate)  to  miituraa 
of  wafar  with  iannrtana,  diathyl  •uifida,  and  I  butanol 
ratter*  ftfgaitiaw  Aaalyaia.  Th*  vapor*  and  two- 
component  mutur**  taatad  in  thi*  atudy  arar*  divided  into 
two  rlaaa**  a*  ihowit  in  Tahl*  I  An  aarliar  pajiar  hy  Slouch 
and  Jura  (.1).  II I  outlined  th*  iwacautama  that  ahouM  ha  mart 
to  amid  rhanca  or  random  raaolla  whan  nnn|>ar*tn#tric 
rUaeifier*  nr*  apt>J>ad  to  data  ilnlanrad  data  aata  containing 
•  la ait  tha  *ama  ntimlwr  <J  olawrvation*  in  aa-h  r  laaa  i*  on* 
way  to  mintmuw  rhanrw  rUnarfK  alarm  I  her* fore.  ara  ml  la-  to,  I 
miiturv  data  for  both  r la«a»*.  '  laaa  I  miilurm  route  in 
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TiU*  VI.  C*rr«ltiiH  Matrix  far  Eight  Saaeere 
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fv»»  *•  Aaaponaa  panama  In  water  ton  ft)  *ie  prwtum  Mat  mt 

and  ib|  *i#  grmtctkm  eat. 


rUa*  7  mutnrea  ronUin  taro  interferenU. 

Tha  r*«pon»*i  to  th#  eirigl#  report  for  th#  four  coating* 
rommon  to  th#  prenmia  etudy.  f)  mropolyol,  polyfethylan# 
naaUata),  polyfepichlofohydnn).  and  pohd  vinyl  pyrrol  idem#), 
war*  i  inert  a*  a  prediction  aai.  The  pr*dn-t>on  net  meaaurad 
th*  alehty  rf  th*  linear  dierTirmnant  devalued  in  reir  iiovyrm 
•tody  (T)  tn  rUeeify  lh*  v*;»<re  in  in  iinino**  art  into  tha 
*(  propnat*  rtaaaaa.  All  rf  tha  vapor*  in  tha  data  malm  ,'104 
V  4/  war*  identified  correctly.  ajcept  water  F igur*  J  ehow* 
tha  raUtive  r**f*>o»»*  to  » ?'*/  •>!  U«  (our  mating*  for  both 
etudia*.  Th*  largaal  difference  a  oheervad  from  polyfvinyl- 
pyrrr.iidone)  (l*VP).  A*  noted  above,  device*  coated  with 
pnfyf  vinyl  pyrrol  idona)  gava  inoonewtenl  raaponam  during  tha 
data  collection  ataga.  Following  tha  prediction,  a  aupamaad 
learning  pattern  recognition  method  railed  tha  adaptlva 
Uaa*wpMna  elgcaithm  ITT)  waa  employed  laang  th*  pradirlenn 
•at  A  naw  dinmmiuaut.  d«v#lot*ad  from  lha  previtaai  weight 
vector,  produced  a  mmplataly  eeperahle  data  eat.  In  othar 
wnrd*  water  waa  no  Iraw.er  miariaaaifVwt.  and  th#  darrimlnant 
ravogmtad  th#  naw  pattern  fog  water 

lha  larger  data  matrl*  (172  *  9)  collected  for  thn  ttudy 
waa  o«*d  aa  a  training  aat  to  invaatigata  the  r lua taring  of 
mixture#.  Kagraeanm  analyvi*  raveeled  a  *trong  peirwiae 
correlation  between  |»Jy(!>ut*riien#)  hrdrotylalad  ami  pnly 
(ep«  hJnmhydnn)  ami  wan#  nr er*4a turn  hatwaan  pnlyfathylene 
phlhalate).  ethyl  rallulnaa,  poly  apw  hlofohydrinl,  ami  poly 
(liutadianal  hydroiylatad  aa  ehowo  fry  tha  onrteUUnn  matr n 


in  T ahla  VI.  A  hierarchical  charter  uWyw  routine  laung  th* 
Euclidean  datarxe  metric  and  flaiibl#  fueion  ITT,  .14)  waa 
employed  to  compare  th*  .  aaponaaa  of  th*  mating*  to  all  tha 
vapor*  in  tha  data  eel  Th*  hierarchical  chatter  anelynie  of 
lha  coating*  dentoneiralad  eirailar  rewrite  to  th#  ragroaaion 
analyeia  Th*  dendrogram  produced  from  tha  reaulla  of  lha 
rluatar  routine  era  thovm  in  Figure  4.  Tha  y  axta  on  tha 
dendrogram  te  a  maaaura  of  duwimiUrity.  cnaung*  that  a r# 
fvwed  together  lower  ow  tha  y  alia  art  aimilar,  while  coating* 
fuaad  higher  ara  different.  Four  Urge  diviaiona  ere  ohaarvad. 
Tha  coating*  correlated  i*  th*  regraaaiou  *naiy*ia  mak*  up 
on*  group.  Poly-flenhutyUnal  1*  xigm/loantly  difTarant  from 
ail  the  other  coaling*  Pniyf  ethylene  mala* la)  and  poly- 
(ethylerumine)  art  umiW  to  each  othar  and  are  vary  difTarant 
from  all  th*  rHiter  coating*.  Th*  two  RMMP  aanailrc* 
mating*  (luoroprvlyrj  and  polyt ianprana / fluoro  alcohol),  era 
a iru Ur  to  on#  another  and  e*pu<tr*atiy  differant  from  all  th# 
othtr  coaling*  I  hi#  to  lha  atrong  corraiation  with  the  othar 
matirvx*  polyt  hu tad iana)  hydroiylatad  am*  ratooveai  from  th# 
data  aat  for  further  anelyeia. 

A  graphical  mean*  of  dieplaying  th*  Urge  data  matrit  i* 
through  th#  iaw  of  ctrcuUr  profile*  Kach  pattern  vector  for 
a  given  vapor  i*  dream  In  a*  a  polygonal  figure,  ennateting  of 
Itnaa  connecting  poult*  pUcad  on  aim  that  radial*  front  lha 
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r\f*+  *.  Ocular  pro <•**  o4  *i*  MMuri  npn  and  aac*  erf  tm  rrarturm  MMd  and  a  Jagram  iOo«r«ng  r«  coating  raaponagrf*  for  aac*  or 
U  obaarvad  reaper***. 


oentar  like  apokaa  an  a  wheat  Th*  datanc*  erf  each  point  from 
lha  center  or  the  length  o f lha  apo*#  depanda  on  the  raaponee 
of  lha  aetiaor  to  th*  vapor.  Thia  viauai  duple  y  of  the  eight 
aanaor  raaponaaa  to  each  of  the  vapor*  and  mixture*  a  ahown 
in  figure  5.  A  diagram  defining  the  poaiUai  of  each  coating 
rwpraaantad  by  each  epoee  ■  alao  drama.  The  piof  laa  in  each 
row  era  the  result  of  Lha  mmbuiaUon  of  the  entry  on  the  left 
with  the  vapore  luted  above  each  column.  r or  example,  the 
profile*  in  the  top  row  ot  the  figure  are  Lha  reapone*  of  the 
eight  eenaora  to  d lmeth yUcetam «de  and  dimethylacataonda 
nruiad  with  each  of  Lha  vapor*  bated  arroae  Lha  column*.  The 
profilaa  in  Lha  aacond  row  and  in  Lha  eecond  column  are  **• 
ample*  of  the  'eaporwee  to  DMMP  and  mirturm  containing 
Theaa  profilaa  do  change  whan  a  claaa  2  vapor  u 
railed  with  the  claaa  1  vapor,  although  they  do  maintain  a 
certain  character  that  ia  not  observed  among  Lha  cLam  2  oprt 
The  liMMP  in  the  muturaa  lutad  in  Lha  column  labeled 
DMMI*  waa  ganaratad  frtm  a  buhl  Aar  and  »  prueant  at  murh 
higher  crmcanUatmn*  than  in  lha  iiLriea  in  the  row  Labeled 
IlMMI'  (ganaratad  frn«  a  par-moa’Kin  tubal. 

The  ftrat  two  principal  cocaponen'a.  found  laung  principal 
cnrnpraiant  anal  yew,  ware  uaad  to  imtialiaa  a  nonlinear  map¬ 
ping  routine.  The  two- principal  component  plot  d mm  baa  Lha 
plant  that  beat  rapraaanta  the  data,  although  miarepraaan- 
tetion  of  lha  preiUon  of  aran#  of  the  pranta  aiuta  whan  |»nti 
are  projected  from  lha  right  dunaruMinal  apace  of  the  nnerv 
to  2-apeoa.  Th#  nonlinear  mapping  routine  art jvwla  the  pne- 
itinn  of  the  point*  ir  the  twoaprare  defined  by  the  principal 
cornjiooant  by  miniraiting  an  error  function  an  that  the 
ml  ting  plot  moat  rlnaely  n  Oertg  the  relative  preiUcau  of  lha 
point*  m  the  lit  par#  Thus,  the  nonlinear  mapping  routine 
in  cranUnatam  with  principal  component  eielyei*  UarWurma 
a  aet  of  point*  from  A  apace  U>  2  epee*  by  maintaining  the 
airadarlUm  and  diaaimilariUae  bale-nan  the  pranta  lha  re 
aultirtg  plot  m  abown  in  f  igure  A.  ( bily  half  r>f  th*  data  aat 
■.  n  .  i«  arfiM  m  mnnlalilr.  Ooariampl# 


of  tach  concentration  foe  each  the  vapor*  i*  included.  A 
boundary  m  drawn  around  each  of  th*  tingle  vapor*.  Moat 
of  the  data  for  eeeft  individual  vapor  clutter  in  diecrei*  aactoca. 
Water,  eooc Lane,  toluene,  dichloroe thane,  and  diethyl  Jillfide 
era  well  aapereted  from  DMMP  and  dimethylecetamKie.  All 
of  th*  mixture*  containing  a  tone  vapor  (dam  1  vapor)  cluster 
do*#  lo  th#  individual  claaa  1  vapor*  even  though  the  cl**# 
2  component  ta  much  more  concentrated  llutanooa  end 
butanol  and  tome  of  th#  clam  2  rout  urea  rluater  clone  to  th# 
dam  1  vapor*  and  could  lead  to  miacUaaification. 

Hierarchical  clutter  analyai*  produced  aimilar  reaulta.  A 
Euclidean  da  Lance  metric  with  flexible  fuaion  (3J,  M)  *a* 
aeWrtad  to  dap  lay  the  data  aat  and  the  ruaul  Ling  dendrogram 
ia  ihown  in  figure  7  One  third  of  the  original  data  matrix 
w  ahown  loumpiifv  vwualiiaticm  M<et  of  th*  clan*  2  vapor* 
are  grouped  tigrihet  <«i  the  right,  m.et  of  the  rtaa*  5  vapor* 
are  grouped  Uypithar  in  the  center,  and  the  aim*  of  the 
Rii'  turm  are  grouped  Lcgether  on  the  left.  The  lieet  c luatenng 
ia  among  the  clam  l  vapor*  and  mtiture#  containing  them; 
theae  vapor*  Hav*  murh  aimilarity  aa  ahown  by  their  fuaion 
low  o«  th*  y  alia.  Water,  laooctane.  toluene,  dw  hlomethana, 
and  diethyl  aulfid*  *r*  all  located  in  th#  block  labeled  claaa 
2  and  they  art  th*  laeat  aimtUr  to  lha  clam  1  vapor*.  A 
mittur*  of  dimethyLaoetamida  and  dichloroathena  cluatar* 
•nth  th#  rime  7.  vejmr*.  HuUrvnn#  ami  butanol  and  moat  of 
the  ou  it  urea  mnlim  ng  butanon*  are  locafeil  on  Hie  left  aid# 
of  the  dendrogram  and  appear  to  lie  aimilar  to  th*  claaa  1 
vapor*  beraua*  they  -iuatar  lower  on  the  y  alia. 

Tli#  data  aat  waa  n  .  idad  into  two  claaa**  aa  defined  in 
Tab!#  |.  Each  claaa  <w.  unnad  rtft  vapor  aijiariroetita  for  th# 
tight  remaining  aanann  Th#  data  and  th*  correct  claaaifl- 
ration  reauit#  were  given  to  aaverel  auperviaad  learning 
technKjuaa  in  th#  ADAIT  aoftware  package.  Thu  cUaeifiar* 
were  daaigned  to  genera  La  a  diarrtminant  in  on#  rlaeufief  and 
to  allow  that  dianrimiriant  to  h*  paaaed  to  another  A  typical 
atudy  triad  a  ataUrticaily  baaed  claaaifier  (  it)  to  general#  the 
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0.  Prtndpat  componant  pkrt  staataad  by  u*mg  raaufti  tom  otwlngi.  E«cr  vapor  It  rapraaamad  by  a  symbol  Each  ot  *w  nWrturaa 

•  napmaanlad  by  da  rynvxX  ^  vapor  1  to  Tibia  V.  aacapl  *a  itMni  tocfcahrig  CMv6>  torn  la  buHAr.  arscfi  hava  la  »«na  tynoal  n  OMMP. 
Tha  ttraa  mx*#aa  iraacMaaMad  to  Via  dtocrtmcnaw  anaTyara  ara  Eytyttaty  laPaMd 


initial  Olarrtrainant,  which  rraa  than  paaaad  to  tha  adaptira 
l»aat  arjua/aa  alfnyithra  (.32).  Havarai  ttarstmna  am)  tavatai 
rrrnhrnatKina  nf  rlaaaafiara  vara  uaad  to  tram  tha  'lata  taL  All 
ol  tha  vapor*  and  mutiiraa  arar*  mrrarUy  rinacifiad  •  I 
•hraa  muturaa.  dimathytaratamida  and  tin  hlnroathana, 
t'MMP  and  di.  hlomathana,  and  lanurtana  and  hotannna. 
TTiny  warn  rvmaiatanjy  miarlaaaifiari.  Thia  la  wd  scirprunnf 
arhan  tha  praition  of  thaaa  muturaa  ara  id#nt»riad  in  tha 
principal  crnaponanl  plot  (Ki^ura  7). 


Tha  (t*ra  rat  *aa  mumi nad  nmudartno  tha  uaualhr  siifht 
vanatjnna  in  tha  raapntoaaa  of  tha  fluornpciyol-cnatad  k  iam 
in  aach  cf  tha  four  vananc  taat  array*.  Tha  raaponaaa  of  lha 
(lunrofmlml  matad  wnany  in  tha  ftrat  taat  array  aarrad  aa  Sa 
rtarxWd.  and  data  (nr  aach  vapor  nr  mtatura  araca  aaammad 
aai*raUly  If  lha  oapnaa  of  tha  flnornpnlyril  ova  tad  rananr 
us  a  aihaaq.raol  <aat  array  araa  airnifVantiy  difTrrant  from  tha 
mrraapnndir>(  raa (xwtaa  in  tha  first  taat  array  (i  a.  Lha  dif- 
faranca  in  tha  avara«a  raapnnaa  hatvraan  tha  two  taat  array* 
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ttararc**cal  cA* *m  r—U> i  IQI  »»  oarrvdad  Ml 
»»  l»  ta  baM  MncJik,  N  on**  M  ar*  not  iro  marMd. 


CLASS*  OH  BTN  »TN  M,OC>Ct  ISO  IT) 

iiMwg  >o**nqt  Th*  i  o**  1  ««xn  art  *  J*t  tori  mor«  o<  in*  dm  1  wo» i 


w*a  itt*  tar  than  th*  variation  in  r**pn«**  within  Lh*  firat 
array),  than  *  lin**r  tnftwlw*  factor  w*a  ci*t*rm  mad.  Th* 
Mnrt  r*(irinM  <4  nil  Lh*  raaUr*pi  in  lh*  auhavyuant  taat  array 
In  that  partaiiiar  v»j>r»  mn  linn  «j*»Hn>h*rt  \r/  Lh*  rant-Orai 
factor.  Th*a*  factor*  or*  fiv*n  m  TaM*  VII. 

Th*  r*cr«Mw>n  raau/la  indwataif  lh*  mm  cor  r*la  Iron  b*- 
Iwn  lh*  polytbutarlMm*)  by»tr«*yUt*d  an<1  pniy<*pKhl<*v>- 
byHrtn)  ranponana.  Po»y<but*«li*c**)  hydro*  y  la  tad  »n  rMvtad 


•mi  th*  ramaininf  mnt  matin**  w*r»  r*asamtn*d  by  n 
lh*  rluatar  amt  diaptay  m*thodA  'f  imulla  of  prm 
oranporwnt  (naiyait  ur  a  mi  tar  to  to*  nncorrartad  raauh 
lh*  tndjvtrfiktl  npnn.  a*  ihown  in  Kigiir*  H.  Th*  cornu 
dal*  <lo*o  improv*  th*  clnataiinf  of  th*  miitorr*.  'Hi*  mu 
I  nr**  do  not  cn.ard  th*  cleaa  I  vapor*  aa  much  a*  in  th*  pr* 
vwna  plot,  aag.mially  for  butanon*.  Th*  hlararcbioal  rluatar 
analyw*  aupporta  Out  ohaar\*tio*».  A*  ***n  in  Figur*  l>,  moat 
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Table  VI!.  Cerrectioa  to  too  Ceadi'toaa  of  :  j#  Firat  Array 


FPOL,  PEM 

PECH,  PFA 

vapor 

EC  EL 

PEI,  PEPH 

P!B.  PBOH 

DMMP 

;  oo 

i  20 

1.50 

DM  AC 

1.00 

1  20 

1  00 

DCE 

1  JO 

100 

1  30 

water 

1.00 

ISO 

250 

ISO 

1  00 

1.00 

!  30 

TO  I. 

1  00 

1  oo 

1.30 

DES 

i  'JO 

1.00 

1.30 

20  TN 

1.00 

l.'V 

l.X 

1BTL 

1.00 

1.00 

1..0 

DMAC  'DCE 

1.0) 

1  30 

1.3C 

DMAC/H,0 

1  oo 

1.00 

1.30 

DVAC'ISO 

1.0f 

1  00 

1.30 

DMAC /T0-, 

1.00 

1.00 

;  jo 

DMAC/Dfd 

100 

1  00 

1  30 

DM.tC/DMVC? 

1.00 

1.00 

1  30 

DMAI\'23TN 

1  00 

1.G0 

130 

IjMAC/IBTl 

1.00 

1.00 

1  30 

DMMP/Df  g 

1.00 

1  30 

150 

DMMP/N,C- 

l.Of. 

1.00 

130 

DMMP,  ISO 

1.00 

1  00 

130 

D.AMPrrul, 

1  oo 

1  00 

130 

DMMP  DES 

100 

1  uO 

130 

DMMP/’BrN 

1.00 

1.00 

150 

DMMP-  1 BTJ. 

1.J0 

1  00 

150 

water/ DCE 

-  1  00 

1.00 

van 

water  /  Li.) 

1 » 

1.00 

130 

wstar/TCL 

1.00 

I  00 

130 

•atec/DF.) 

1.00 

ion 

130 

water/ DMMP 

i  or* 

1  30 

130 

WSIW/2RTN 

ltd 

1.00 

130 

vater/ '  KTL 

1  u* 

i  no 

1  30 

ISO.TX'g 

1  '■» 

i  10 

1  10 

ISO/Tl  I. 

l.Ca? 

1  13 

1.10 

ISO,  D  Its 

1.00 

i  10 

1.10 

LSO/DMMF 

1  30 

1  10 

1.10 

1S0/7HTN 

1  00 

11J 

1.10 

LS0/18TL 

1  00 

1  10 

1  10 

2BTN/DCK 

1  00 

1  10 

1  10 

2BTN/TOI, 

1.00 

;  io 

1  10 

2I5TN  DF.S 

1  00 

1  10 

l  10 

2ptn/;is:mp 

1  oo 

1.10 

1  10 

2BTN/1HTI, 

1  oo 

1  10 

l  ;o 

of  the  rim  l  vapor*  or*  on  the  loft  avia  of  dendrogram  and 
*r*  prjaiUrmoo  ioavar  on  the  y  ua  relative  to  the  ciaaa  2  vapor*, 
indicating  toaa  similarity  between  tha  two  group*.  Even  tha 
claw  ’  vapor*  in  tha  cantor  of  tha  daodrogran  at*  positioned 
krv '  i  jJ  y  ana  compered  to  tha  ciaaa  7  vapor*  end  muturaa 
r*vV  sf  ciaaa  2  vapor*.  Watar.  twjnctana,  tiJuene,  and 
dw  I-  «■',  .ana,  shown  on  tha  right  of  tha  dendrogram,  ar* 
well  ■r-ryvi-i  -ad  from  ail  tha  other  vajee*  and  ar*  v*ry  iliammiiar 
a*  .rviuatad  by  tha  higher  Wv*i  at  fiaunn  on  tha  y  na  Moot 
of  tha  ciaaa  2  muturaa  ar*  cloaar  to  tha  ciaaa  I  vapor*  than 
tha  single  ciaaa  2  vapor*,  allhcrigh  tha  muturaa  appear  in 
diet  rats  region*  tn  tha  dendrogram. 

Tha  liayw.  rlaasifiar  »a*  need  to  (anarata  tha  initial  dia- 
rnmmant  for  tna  now  172  *  0  data  Balri,  and  tha  mauit* 
of  that  supervised  learning  technique  war*  i wad  to  mitialita 
tha  aduptiv*  least acpwrsa  algorithm  Aflat  aaverel  iteration*, 
ail  of  ‘.ha  vapor*  war*  corr welly  rlaaaifted  including  thewa 
muturaa  prawajaly  miarUaaifwvl  Tha  rsse>!i.ng  dmmmmant 
waa  [waaaci  to  a  ciaaaifiar  called  tha  linear  learning  machiri* 
I  IS),  and  tha  data  aat  waa  trained  further  adding  thi<  knees 
to  tha  discriminant  hyparplana  hatarawn  tha  two  rlaaaaa.  A 
deedarin*  rir  linaar  diarriminant  thtc  knea*  200  timaa  greater 
than  tha  <tarvla.il  generated  by  tha  routine*  waa  obtainad, 
which  indicate*  that  tha  ciaaaaa  ara  wall  aaparstad.  A  lum¬ 
inary  of  tha  raaulta  r*  given  in  Tahta  VIII  Tha  r*aw  dtscri- 
minant  waa  aiamioad  hy  using  anothar  routine  daaignad  to 
tawt  i ha  import* nca  of  each  coaling  to  tha  classification.  la 


Table  VIII.  Weight  Vector  Components  for  Best  Coatings 


due  run  merit 

funcuoo 

r.o 

wronf 

% 

coating 

values 

1 

A 

A 

r-:-ogmtion 

+0.13 

a 

0 

100 

FPOL 

-0  03 

2 

3 

97 

PEM 

+0.24 

4 

I 

94 

pic 

-0.11 

) 

7 

91 

?FCH 

+0  60 

2 

13 

90 

PFA 

+0  22 

36 

15 

70 

PEI 

-0  40 

4C 

17 

67 

PEPH 

-032 

56 

25 

55 

KCF.L 

-0  49 

n 

59 

36 

thi*  routine,  several  c juaificauo.ia  nor*  made  by  using  the 
new  discriminant  and  lor  e<  ch  c!  taaificstion  one  sensor  was 
'.eft  out  of  the  anaiyiia  The  percentage  correctly  classified 
wo  mcaaurec.  The  iowe*  the  percentage  correct,  the  more 
important  the  aanaor  for  tn«  d'*cnmina,.t  evaluated.  The  M 
of  eenaora  is  sorted  and  given  ip  Tab'e  VIII  from  least  im¬ 
portant  to  moat  important.  T'e  moat  important  coatings  in 
this  linear  diacoir  nant  ar*  ethyl  cellulose,  polyfethyiene 
pfethaiste),  pol/ictSytarunune),  and  poly(iaopren*/ftuoropo- 
lyoi).  Flucropoiyti  a  tSa  least  important  because  the  removal 
of  this  con  ting  *rom  the  set  would  only  reduce  the  classification 
results  to  97  %.  In  toe  pr'viou*  -tudy,  fluoropolyol  was  tha 
moat  important  coat  ng  baaed  on  tha  classification  results.  In 
this  study,  fluoroprdyol  turn  bean  supplanted  by  pcilytisopr- 
aoe/fluoro  alcohol),  which  provides  much  the  same  infor¬ 
mation  and  naa  greater  DMMP  sensitivity. 

CONCLUSIONS 

Pattern  reccgnition  tech,-  iquea  can  readily  distinguish 
between  the  ciaaa  1  vapor*  -  id  the  class  2  vapors  when  the 
SAW  sensor*  a/a  si  posed  to  sir.  <1*  vapor*.  The  linear  dis¬ 
criminant  developed  in  our  previous  study  was  100%  suc¬ 
cessful  in  distinguishing  ciaaa  1  from  class  2  v  pot*  in  tha 
previous  data  sat  ( J).  Tha  same  discriminant  applied  to  tha 
single  vapor*  in  this  data  aat  correctly  classified  all  vapors, 
« i rapt  water.  This  discrepancy  arose  due  to  the  poor  re¬ 
producibility  of  the  water  sensitive  coating  polyvinyl¬ 
pyrrolidone).  A  new  discriminant  was  developed  to  achieve 
100%  correct  classification,  and  a  better  water-sensitive, 
poMalhytsnimina).  ha*  bean  identified. 

The  tingle  vapor*  that  cluster  nearest  to  DMMP  are  2- 
butanun*  and  I-butanciL  I-ik*  DMMP,  2  butanon*  can  accept 
hydrogen  bond*.  It  differ*  hy  being  a  weaker  acceptor  ami 
by  having  a  much  higher  saturation  vapne  pleasure.  MUuancJ 
is  also  a  hydrogen  bond  accepter  of  rnmpiirahla  sUemrth  to 
2  butanreia,  but  differ*  tn  it*  ability  a*  a  hydrogen  hood  donor 
Tha  saturation  v*por  preaaure  of  1  hmanol  t*  closer  to  that 
of  DMMP  than  that  of  2-butanone 

Single  vapor*  could  b*  correctly  rtaaaifiad  hy  u*mg  as  few 
as  four  aanaor*.  When  twocompnoent  miiturra  war*  included 
in  tha  data  set,  eight  sensors  war*  required  to  obtain  tha  beat 
dawa  first*  *i  naadta  Tb*  raaponaaa  of  muturaa  wars  generally 
rlca*  to  thesis  st parted  from  *  luisiar  combination  of  the  single 
vapor  responses.  Tha  raault  i*  encouraging  bwcauaa  it  sim- 
plifie*  the  correct  claaaificatinn  of  miiture*.  It  ia  particularly 
notable  in  tha  cieiteit  of  the  detection  protJem  diaruwed  her* 
that  the  responses  of  tha  DMMP  sensitive  me‘ir.g*  to  mtt- 
turea  containing  DMMP  war*  well  behaved. 

Tha  clustering  reauits  tor  misturea  war*  similar  to  those 
fog  single  vapor*.  A'l  of  tha  ciaaa  I  muturaa  clustered  cloa* 
to  tha  rlaaa  1  vapor*.  The  flaaa  2  miiture*  clustering  closest 
to  the  f law  I  vapor*  were  uetally  those  nrmtaimng  2  butanona 
or  I  -butanol,  ity  us*  nf  the  etpenmental  data  aa  collected, 
ail  mutursa  could  I*  correctly  rlawofied,  eicept  three  When 
corrected  factor*  were  applied  to  the  data  as  si  plained  in  the 
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Results,  100%  correct  classification  could  be  achieved.  The 
mixtures  were  successfully  analyzed  even  with  large  concen¬ 
tration  differences  between  the  vapors  of  interest  and  the 
potential  interferenta. 

Variations  in  fluoropoiyol-coated  sensor  responses  from  ene 
test  array  to  another  are  likely  to  arise  from  three  factors. 
Changes  in  the  actual  vapor  concentrations  generated  by  the 
t?st  apparatus  will  cause  linear  changes  in  the  responses  of 
the  sensors.  Variations  in  the  sensor  temperature  wall  change 
ss-nsor  response  Itecause  the  ■> >rpL-  n  .  :  vapors  into  the  coating 
material  vanes  exponentially  with  temperature.  Hysteresis 
due  to  previous  vapor  eipoaures  might  also  cause  sensor  re¬ 
sponse  variation*.  This  is  expected  to  be  minimal  for  sensors 
whose  behavior  is  baaed  on  simple  reversible  absorption,  but 
it  cannot  be  summarily  ruled  out 

The  ability  of  partem  recognition  technique*  to  discriminate 
between  vs  port  is  expected  to  improve  as  the  sensor  tech¬ 
nology  matures  and  testing  procedures  are  more  rigorously 
controlled.  SAW  coating  material*  whoa*  response*  art 
consistent  and  reproducible,  and  which  provide  greater  sen¬ 
sitivity,  will  offer  obvious  advantage*  A  set  of  materials  with 
more  widely  varying  responses  to  key  vapors  will  enhance  the 
information  to  b#  analyzed.  Rigoroua  control  of  sensor  tem¬ 
perature  and  a  truly  inert  reference  on  the  SAW  sensor  will 
improve  performance.  Finally,  it  may  be  useful  to  examine 
mixtures  where  the  aoncentrsttcn  ratio  of  the  two  component* 
is  varied. 
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APPENDIX  C2 


INVESTIGATION  OF  ELASTIC  PROPERTIES  OF  THIN  POLYMER  FILMS 
USING  SURFACE  ACOUSTIC  WAVE  DEVICES 
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The  observed  glass  transition  temperatures  (Tg)  of 
several  thin  polymer  films  on  the  surface  of  SAW  devices 
were  increased  by  50-60  #C  relative  to  Tf  results 
reported  for  other  methods  such  as  DSC.  The  Increase  in 
the  onset  of  Tg  is  the  result  of  Interaction  of  the  high 
frequency  surface  acoustic  wave  with  the  polymer  film, 
consistent  with  the  time- temperature  superposition 
principle.  The  Tf  were  identified  as  localized  minimum 
in  the  frequency  curves,  or  by  changes  in  the  slope  of 
the  curves,  as  the  coated  sensors  were  heated  between 
35-110  °C.  Potential  applications  of  SAUs  for  the 
charac ter i zat ion  of  polymeric  materials  and  the 
implication  of  these  findings  on  the  interpretation  of 
SAW  sensor  data  are  discussed. 


Polymeric  materials  are  being  employed  in  an  increasing  number  of  novel 
applications  in  our  technological  society.  No  doubt,  as  stronger,  more 
flexible  and  more  durable  materials  are  discovered  t  :.o  demand  for  these 
materlels  will  continue  to  grow.  The  chemical  and  physical  proper. les 
of  these  materials  will  determine  the  types  of  applications  for  which 
they  may  he  employed.  Thus,  the  rapid  and  reliable  character  lz.it  ion 
of  these  properties  will  he  crucial. 

In  the  area  of  chemical  sensors,  tMn  polymer  films  are  routinely 
used  as  coatings  for  the  semi - se lec t ive  sorption  of  chemical  vapors 
One  such  sensor  technology,  the  surface  acoustic  wave  (SAW)  device,  has 
demonst reted  excellent  sensitivity  as  a  vapor  sensor  when  coated  with 
fllme  having  appropriate  solubility  properties  (l).  To  date,  most 
sensor  applications  have  taken  advantage  of  ..he  extreme  mars 
sensitivity  of  the  devices.  In  this  paper,  we  will  examine  the 
response  siechanlsms  of  the  SAW  sensor  and  demonstrate  the  sensitivity 
of  these  devices  to  changes  in  elastic  properties  of  the  coating 
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materials.  Finally,  we  will  discuss  the  significance  of  these  results 
in  terras  of  current  sensor  applications,  and  the  applicability  and 
advantages  of  the  SAW  for  the  characterization  of  polymeric  materials. 

Background 

Since  its  introduction  in  the  early  1970's,  the  SAU  has  seen  increasing 
utilization  as  a  chemical  sensor  due  to  its  sensitivity,  potentially 
rapid  response,  and  low  cost.  A  brief  description  of  the  operating 
principles  of  the  SAW  will  aid  in  understanding  the  basis  of  this  study 
and  in  the  interpretation  of  the  results.  Typically,  a  SAW  device 
consists  of  a  set  of  interdigital  transducers  which  have  been 
aicrollthographically  deposited  on  the  surface  of  a  piezoelectric 
substrate.  The  application  of  a  time-varying  electric  potential  to  the 
transducer  causes  a  mechanical  deformation  of  the  substrate,  resulting 
in  the  generation  of  a  surface  acoustic  wave.  The  properties  of  this 
wave  (amplitude,  frequency,  phase)  are  sensitive  to  perturbations 
occurring  on  or  near  the  surface  of  the  substrata.  A  more  detailed 
discussion  of  the  SAW  operation  can  be  found  in  reference  (2).  The 
generation  of  different  types  of  surface  waves  is  possible  (2);  for  the 
purposes  of  this  work,  when  we  refer  to  the  surface  acoustic  wave  we 
specifically  mean  Rayleigh- type  surface  waves. 

In  general,  the  response  of  the  SAW  is  the  combined  result  of 
changes  in  the  mass  loading,  conductivity,  or  elastic  properties  of  the 
surface  film.  Equations  describing  the  effects  of  changes  in  these 
properties  on  the  frequency  of  the  device  have  been  derived  previously 
(2.!i) ■  For  many  sensor  studies,  non-conducting  polymer  films  are 
usually  employed.  One  equation,  given  below,  describes  the  response 
behavior  for  a  SAU  device  coated  with  a  thin,  lossless,  isotropic,  non¬ 
conducting  film, 

Af  -  (k,<-k,)phfc*-  k,hf0,(4M/VR,)[(A^)/(A+2y)]  (1) 

where  kj  and  kj  are  material  constants  for  the  quartz  substrate,  VR  is 
the  Rayleigh  wave  velocity,  h  Is  the  film  thickness,  p  is  the  density, 
p  <  s  the  shear  modulus,  X  Is  the  Lame  constant,  and  fQ  is  the 
fundamental  frequency  of  the  device.  The  first  half  of  the  equation 
yields  the  frequency  shift  resulting  from  mass  loading,  while  the 
second  half  describes  the  effect  of  changes  in  the  elastic  properties 
of  the  film  on  the  resonant  frequency. 

To  date,  the  selection  of  coatings  for  vapor  sensor  applications  has 
been  mostly  empirical,  requiring  the  screening  of  a  large  number  of 
candidate  mate-ial"  to  identify  coatings  with  sufficient  sensitivity 
to  the  vapor  ot  interest.  To  address  this  problem,  recent  work  has 
focused  c  -  charac t er iz ing  tht  observed  sensor  responses  In  terms  ot 
solubility  interaction*  ( LJ) ) .  The  sorption  of  a  solute  vapor  into  a 
solvent  eoaCir.g  can  be  quantitat lv» ly  defined  a  partition 
coefficient,  K  A  mortified  version  of  Equation  l  has  been  used  to 
predict  the  frequency  response  of  coated  SAWs  to  predict  the  frequency 
response  of  these  sensors  to  specific  vapors  utilizing  partition 
coefficient*  calculated  from  VAX',  data  (2).  Tire  Inherent  assumptions 
in  that  work  are  that  (1)  the  polymer  coating  Is  a  lossless  film  (that, 
is,  there  is  no  significant  attenuation  of  the  surface  wave  resulting 
from  interactions  with  the  surface  film),  end  (2)  the  contributions  to 


the  observed  response  fro®  elastic  properties  of  the  film  are 
negligible.  To  justify  the  second  assumption,  care  was  taken  to  select 
polymer  films  that  would  be  above  their  glass  transition  temperatures 
(Tf)  at  the  operating  temperature  of  the  device. 

In  order  to  assess  the  validity  of  the  second  assumption,  a  brief 
discussion  of  the  elastic  properties  of  polymers  is  needed.  Tire  visco¬ 
elastic  behavior  of  a  polymer  is  depicted  schematically  in  Figure  1. 
The  parameter  of  interest  in  the  case  of  SAWs  is  the  shear  modulus, 
denoced  as  G  in  Figure  1  and  as  n  in  Equation  1.  Simply  stated,  the 
modulus  is  a  measure  of  the  rigidity  of  the  polymer.  The  regions  of 
interest  are  the  glassy  region  (where  the  polyrer  is  a  hard,  rigid 
material)  and  the  -  <stom<  : c  region  (where  the  polymer  is  a  rubber). 
Rigid,  glassy  poly~  :s  typ.cally  have  high  modulus  values  on  the  order 
of  10®  -  10iadyne/ca2 .  In  this  region,  the  polymer  chains  are  locked 
into  the  lowest  energy  conformations  and  there  is  insufficient  energy 
in  the  system  to  allow  free  rotation  around  the  polymer  backbone.  As 
the  temperature  increases  the  polymer  becomes  an  elastomer.  In  this 
region,  there  is  sufficient  energy  in  the  system  for  free  rotation  to 
occur.  This  additional  rotational  freedom  is  manifested  as  a 
'softening'  of  the  polymer,  with  a  corresponding  decrease  in  the 
modulus  to  104  -  107  dyne/cm1.  The  temperature  at  which  this  softening 
occurs  Is  the  Tf.  Other  changes  occur  at  this  temperature  that  can  be 
monitored  experimentally  to  identify  the  Tg.  These  include  changes  in 
the  specific  volvvse  of  the  polymer,  the  index  of  refraction,  the  gas 
diffusion  coefficient,  the  thermal  expansion  coefficient  (measured  by 
dilatometry) ,  and  specific  heat  (measured  by  differential  scanning 
calorimetry  (DSC)  or  by  differential  thermal  analysis  (DTA)).  Good 
general  discussions  of  the  elastic  properties  of  polymers  can  be  found 
in  references  (£.2). 

The  Tf  of  a  polymer  Increases  as  a  function  of  frequency.  This 
phenomenon  wss  first  described  by  Williams,  Landel  and  Ferry  in  1955, 
and  became  the  basis  of  the  ‘  lise  -  temperature  superposition  principle 
(5).  Previous  work  by  Uohltjen  and  Dessy  demonstrated  that  the  SAW 
could  be  used  to  characterize  polymeric  materials  (2).  In  that  work, 
both  thin  films  snd  bulk  samples  were  characterized  by  monitoring 
changes  in  the  amplitude  of  the  surface  wave  as  ’’he  temperature  of  the 
polymer  samples  was  incrsascd.  Their  results  indicated  that,  for  thin 
polymer  films,  there  is  significant  interaction  of  the  polymer  film 
with  the  high  frequency  surface  wave,  resulting  in  an  Increase  in  the 
Tf  of  the  polymer.  This  observetlon  Is  consl.tent  with  the  time- 
temperature  superposition  prlnc  tple. 

The  work  to  be  presented  here  was  motivated  by  two  factors.  First, 
It  had  heen  assumed  that  polymer  films  used  in  previous  sensor 
applications  were  above  their  Tg  at  the  SAW  operating  temperature.  If 
the  Tt  of  •  given  polymer  film  is  significantly  Increased  due  to  the 
effects  of  the  high  frequency  surface  wave,  then  the  elastic  properties 
of  the  film  must  be  taken  Into  consideration  when  interpreting  sensor 
response*.  Second,  since  the  frequency  mode  of  the  SAW  device 
represents  a  more  sensitive  measurement  than  the  amplitude,  these 
devlrea  have  tremendous  potential  in  the  area  of  materials 
char ar t e r l za t  i  on  The  following  experiments  were  performed  to  vetlfy 
this  potential  and  to  Investigate  the  possible  effect  of  elastic 
properties  on  sensor  response*. 


Experimental 


The  polymer  coatings  studied  are  given  in  Table  I,  along  with  pertinent 
physical  parameters.  These  coatings  were  selected  based  on 
availability,  since  they  are  among  coatings  previously  used  for 
chemical  sensor  studies  at  NRL.  In  addition,  the  transition 
temperatures  (Tg,  Tm)  are  within  the  range  that  could  be  easily 
investigated  using  our  experimental  apparatus.  Of  these  coatings, 
fluoropolyol  (FPOL)  and  poly (ethylene  aaleate)  (PEM)  were  provided  by 
the  Polymeric  Materials  Branch,  Cheaistry  Division,  of  the  Naval 
Research  Laboratory  in  Washington  D.C.  They  are  both  linear  polymers 
with  no  observed  crystallinity.  PEM  Is  a  polyester  material  with  a 
repeating  monomer  unit  of  35-50.  FPOL  is  a  highly  viscous  epoxy  pre¬ 
polymer  with  a  repeating  monomer  of  8-10.  Densities  were  measured 
using  a  float  technique,  and  Tf  were  measured  by  DSC  at  the  NRL 
Chemistry  Division.  Additional  information  regarding  the  structure  and 
properties  of  these  materials  can  be  found  in  reference  (1). 


TABLE  I.  POLYMER  COATINGS  AND  PHYSICAL  PARAMETERS 


po lymer 

Tg  <°C) 

T»  (°C) 

n 

?  (g /cm3) 

fluoropolyol 

(FPOL) 

10 

... 

8-  lO 

1 . 653 
1.563 

(25  °C) 
(90  °C) 

poly (ethylene  aaleate) 

(PEM) 

-10 

*  *  * 

35-50 

1.353 

(25  °C) 

e  thy  1  ce 1 lul ose 

(ECEL) 

43 

157-165 

... 

1  14 

(at  T.J 

pcly (cap ro lac  tone ) 

<  -  4  0 

60 

... 

Po lv ( c-prol *c tone  )  and  ethyl  cellulose  were  obtained  fron  Aldrich, 
ar.d  wore  used  as  received.  They  a.e  semi -crystall ine  materials  and 
would  he  expected  to  exhibit  locaM.’ed  changes  In  elastic  properties 
at  r».t  n  Tg  and  f  be  netting  point,  Tm  .  Ihyslcal  parameters  for  ‘lies* 
polymers  were  obtained  from  'he  Aldrich  catalog.  No  value  vac 
avail. .tile  for  the  Tf  of  PfAP;  the  value  In  Table  l  1 »  estimated  using 
the  r  e 1  a  t l onsh i p 

T,„  -  K  ^  (.'1 


where  K  -  1  4  -  7  <J_). 

The  l’>8  Mil*  dual  tAU  devices  were  obtained  fro*  MlcroSensor  Systems, 
Inc  ( M’.  I  part  »  'it)  -  I'iAa)  .  They  consisted  of  ;.wo  Individual  delay 
lines  manu l ac t ured  on  a  single  quarts  chip.  Electrical  connections  to 
the  transducers  were  established  by  wire  bonding  to  a  T-OH  plug- in 


package.  Additional  information  regarding  the  dimensions  and  geometry 
of  the  devices  can  be  obtained  from  MSI. 

Dilute  solutions  of  the  coating  ma;erials  were  prepared  in 
chloroform.  These  solutions  were  then  aspirated  using  an  airbrush  to 
generate  a  finely  dispersed  aerosol,  which  was  deposited  on  one  side 
of  the  dual  SA'J  device.  The  other  delay  line  remained  uncoated,  acting 
as  a  reference  to  correct  for  frequency  deviations  due  to  fluctuations 
in  ambient  temperature  and  pressure. 

The  coated  devices  were  then  placed  In  the  heating  chamber 
Illustrated  in  Figure  2.  The  chamber  consisted  of  a  3/4"  brass 
Swagelok  union  fitting  which  was  wrapped  with  heating  tape.  The 
temperature  of  the  heating  tape  was  controlled  by  a  Variac,  and  the 
temperature  of  the  chamber  was  monitored  using  a  YSI  Series  400 
thermistor.  This  thermistor  was  incorporated  in  a  circuit  to  convert 
the  thermistor  resistance  into  a  voltage  that  could  be  read  directly 
by  the  computer-controlled  data  acquisition  system.  A  dry  air  stream 
was  heated  via  a  coiled  tube  located  within  the  chamber  prior  to 
introduction  to  the  sensor.  A  constant  flow  rate  of  40-50  ml/min  was 
maintained  during  the  experiments  to  minimize  the  effects  of 
temperature  gradients  and  localized  heating  near  the  senso-  surface. 

The  frequencies  of  the  individual  delay  lines  were  monitored 
Independently,  and  the  difference  frequency  of  the  two  sides  of  the 
device  was  obtained  as  output  from  an  electronic  mix<  These 
frequencies  were  recorded  as  the  devices  were  first  heated  from  35  ''C 
to  110  °C,  end  as  they  were  subsequently  cooled  to  room  tempet3ture. 
Each  device  was  subjected  to  repeated  heating/cool ing  cycles,  with 
frequencies  being  recorded  continuously  as  a  function  of  temperature. 
The  coatings  were  then  removed,  as  the  SAUs  were  washed  in  chloroform 
In  an  ultrasonic  cleaner.  The  bare  devices  were  once  again  placed  in 
the  heating  chamber  and  subjected  to  successive  heating/cooling  cycles. 
Tha  frequency  curves  of  the  bare  devices  were  recorded  for  use  as 
blanks . 

Once  the  effect  of  temperature  on  the  frequency  of  a  bare  device  was 
known,  the  effect  of  temperature  on  the  coatings  could  be  determined 
by  subtracting  the  results  for  the  bare  devices  from  the  frequency- 
temperature  curves  for  the  coated  devices.  The  frequency  shifts 
recorded  during  these  temperature  studies  are  reported  In  parts  per 
million  (ppm),  which  Is  defined  as  the  observed  frequency  shift,  in 
Hz,  divided  by  the  resonant  frequency  of  the  device,  In  MHz.  For  the 
devices  used  In  this  study.  1  ppm  Is  equivalent  to  158  Hz.  In  order 
for  several  rel«r-d  curves  to  he  easily  viewed  on  •.he  same  plot, 
individual  curves  -  .e  offset  from  one  another  by  several  hundred  ppm 

Examples  of  the  f  r equency •  t empe r at ui  a  curves  for  a  bare,  device  aie 
given  in  Figure  3.  Channel  l  and  channel  2  refer  to  the  two  delay 
lines  of  the  dual  device.  Wren  used  as  s  sensor,  channel  1  would  be 
coated  and  channel  2  would  remain  uncoated  to)  act  as  ,»  reference.  The 
differ -nee  curve  Is  the  output  from  the  mixer,  and  represents  the 
frequency  dlff 'fence  between  the  two  delay  lines. 

It  is  worth  noting  that  there  is  substantial  frequency  shift  for 
both  delay  lines  resulting  from  temperature  change.,  on  tire  order  of 
14  pprs/'C,  This  Is  t  tie  result  of  thermal  stresses  arising  in  tire 
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Fig.  7  Given  the  normal  to  the  micro  twin  habit  plane  n  and  the  Burgers 
vector  b  for  the  twinning  partial  •  i  s  1  oca  t.  i  on  ,  it  can  be  determined 
whether  a  twinning  system  responds  to  compression  or  tension  when 
loaded  along  an  axis  parallel  to  r.  If  (b  j-)(n  rl  is  negative,  the 
twinning  system  responds  to  tension;  for  a  positive  value,  the  twinning 
system  responds  to  tension. 


FIGURE  CAPTIONS 


Fvg.l  Illustration  of  method  for  measuring  the  microtwin  width  "w"  at 
a  particular  distance  z  ’  from  the  interface.  Note  that  the  projected 
distance  from  the  interface  is  actually  3//8z’  for  a  [114]  beam 
direction  and  a  microtwin  with  a  (ill)  habit  plane. 

rig. 2  A  Dark-field  TEM  image  presents  an  edge-on  view  of  microtwins 
associated  with  the  majority  (111)  twinning  system. 

Fig. 3  Schematic  definition  of  the  differential  volume  fraction,  dV/dv, 
for  microtwins.  V(z)  i3  the  total  volume  of  microtwins  measured  from 
the  interface.  v(z)  is  the  total  volume  of  the  silicon  film  measured 
from  the  interface. 

Fig. 4  plot  of  microtwin  differential  volume  fraction  as  a  function  of 
distance  from  the  interface  for  150nm  and  550nm  M8E  SOS,  and  550nro  CVD 
SOS  . 


Fig. 5  Plot  of  the  mi  rotwin  density  as  the  number  of  microtwins  per 
unit  area  as  a  function  of  distance  from  the  silicon/sapphire 
interface. 

Fig. 6  Plot  of  the  differential  microtwin  area,  dA/dv,  as  a  function  of 
distance  from  the  silicon/sapphire  interface. 
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10  12',  differ  by  i  0  \ ,  wh  i  eh  .-learlv  dwarfs  any  contribution  to  strain 
relaxation  that  can  be  attributed  to  microtwins.  Therefore  these  large 
strains  must  be  accommodated  by  a  different  defect  network  at  the 
interface  or  by  an  incoherent  interface.  Aindow,  Pond,  and  coworkers 
have  observed  dislocations  at  the  interface  of  a  SOS  sample  processed 
by  rapid  thermal  annealing  (RTAi  using  weak  beam  TEM;  they  have  also 
observed  that  the  m  i  s or i en t a t i on  of  the  silicon  film  can  be  accurately 
expressed  in  terms  of  vicinal  angle  from  an  analysis  of  the  postulated 
dislocation  network.  The  assessment  of  the  interface  as  incoherent 
comes  from  essentially  null  measurements:  in  high-resolution  TEM 

(HRTEM)  a  number  of  studies  have  noted  the  apparent  absence  of  a 
dislocation  network  at  the  interface.  In  light  of  the  difficulty  in 
interpreting  HRTEM  measurements  in  the  absence  of  proper  image  simula¬ 
tions,  however,  it  would  seem  that  the  interfacial  dislocation  network 
theory  proposed  by  Aindow,  Pond,  and  coworkers,  has  been  more  success¬ 
fully  tested  than  the  incoherent  interface  conjecture. 
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,-a  n  use  Eqs .  . 6  i  and  7  to  calculate  the  strain  relief  for  a  s  t  I  i  nm 
film  grown  on  sapphire.  Let  us  first  consider  the  possibility  that  the 
microtwins  act  as  plastic  deformation  twins  acting  to  relieve 
compressive  strains  in  the  silicon  film.  The  configuration  of  a 
deformation  twin  is  such  that  it  is  bounded  by  an  array  of  partial 
dislocations  with  parallel  Burgers  vectors.  Each  {111}  plane  of  the 
twin  is  separated  from  the  matrix  by  one  of  these  partial  dislocations 
so  that  the  magnitude  of  the  displacement  vector  equals  the  number  of 
{111}  planes  (i.e.  p  =  m).  The  factor  /}2/12  equals  0.12  and  the  greatest 
value  of  dV/dv  is  less  than  6% ,  so  that  from  Fig. 2  it  is  clear  that  the 
strain  relief  due  to  microtwins  in  SOS  is  always  less  than  0.7%. 

According  to  Pirouz  et  al.,  however,  the  structure  of  growth  twins 
in  het er oep i t ax  i  a  1  systems  does  not  resemble  that  of  deformation  twins. 
In  this  model,  a  microtwin  could  provide  as  little  strain  relief  as  a 
stacking  fault  (i.e.  p=l),  and  one  third  of  all  microtwins  (those  in 
which  m  is  divisible  by  three)  might  provide  no  strain  relief.  The 
contribution  of  microtwins  to  strain  relief  in  550nra  CVD  SOS  can  be 
found  by  assuming  dA/d^=6/um,  and  assuming  that  only  2/3  of  all 
microtwins  are  active  in  strain  relief.  For  this  case,  the  strain 
relief  would  only  be  0.02%  For  150nm  MBE  SOS,  dA/d>= 13/um  so  that 
strain  relief  would  be  0.05%.  For  550nm  MBE  SOS,  dA/dr =7/um ,  giving  a 
strain  relief  of  0.02%. 

The  most  closely  matched  lattice  spacings  at  the  silicon  (001)/- 
sapphire  <'1012*  heteroepitaxial  interface,  silicon  {220}  and  sapphire 


twinning  systems  ire  acting  to  relieve  100  compression  and  four  n  t  n  >>  r 
twinning  systems  are  acting  to  relieve  f  0 1 0 ]  compression,  we  need  to 
consider  the  sum  of  two  strain  relief  vectors.  For  [010]  compression, 
the  active  twinning  system  are  a/6fl21j/flll),  a/6(l2l]/(lll), 

a  /  6  [  1 2  l  ]  /  (  1 1 1  )  ,  a/6fl21)/'IlM.  From  E  q  s  .  (  l  -  3  )  the  displacement 

vector  is 

d f  1  0  0 1  -I p / m 1 7  2 / 6 [ 121 ldV/dv  .  (5  1 

If  we  assume  that  half  of  the  microtwins  are  relieving  [100]  compres¬ 
sion  while  the  other  half  are  relieving  [010]  compression.  The  total 
strain  relief  is  then, 

d  =  d< 10°1 /2  +  /2  (6) 

=  (p/m)(l/2H^/61(  [211]  +  [121]  }dV/dv 
=  (p/m)/'2/12(Il2]dV/dv  . 

Therefore,  for  both  [100]  and  [010],  the  strain  relief  for  compression 
is  (p/m)-V2/12  dV/dv.  Because  dV/dv^ma/^  dA/d-*,  the  strain  relief  for 
compression  is  also  equal  to  pa/12  dA/dv.  The  expression  analogous  to 
Eq . ( 6 )  is, 

d  =  pa  /  2  [  1 1 2  ]  dA/d"V  .  (7) 

Because  we  know  the  differential  volume  fraction  and  the 
differential  area  as  functions  of  the  distance  from  the  interface,  we 


H 

r impress i on  of  a  t  0  0 1  ;  film.  Corresponding  to  the  scalar  quantity  dr 
is  what  we  define  are  the  strain  relief  vector  d,  which  we  define  as 

d  -  ■  dx  i  dy  i  d*  I  ,  i  3  ) 

where  x,  and  z_  are  unit  vectors  along  the  x,  y,  and  z  axes.  For  the 

twinning  systems  that  correspond  to  [100]  compression,  ■‘.a/6[211]/(lll  > 

a  /  6  [  2 1 1  ]  /  <  111)  ,  a/6(2l  1  ]/<  111  1  ,  and  a/6  [  2 1 1  ]  /  ( 1 1  1 ) }  the  strain  relief 

vector  is 

dnooi  -  fp/B)^/6(§n]dV/rfv  ,  (4) 

and  this  contribution  to  the  strain  relief  is  valid  for  each  of  the 
four  twinning  systems  that  relieve  [100]  compression.  Therefore,  for 
the  case  of  [100]  uniaxial  compression  of  a  (0011  film,  dV/dv  in  F,  q  .  (  4  ; 
is  the  sum  of  the  differential  volume  fractions  of  the  four  twinning 
systems.  It  is  also  clear  from  this  expression  that  the  strain  relief 
vector  d(  100]  acts  to  relieve  compressive  stress  along  the  [100]  axis 
by  bringing  any  two  parts  of  the  matrix,  separated  by  a  microtwin, 
closer  together.  Along  the  [010]  and  [001]  directions,  however,  the 
two  parts  of  the  matrix  separated  by  a  microtwin  are  pushed  apart. 

For  the  case  that  we  are  interested  in,  which  is  biaxial 
compression,  we  have  to  consider  the  fact  that  some  of  nicrotwins  are 
involved  in  accommodating  [100]  compression,  while  others  would  be 
relieve  [010]  compression  in  a  f  0  0 1  *  film.  If  we  ass  ume  that  four 


t  -i*  l  .1 1  i  v  e  displacement  of  the  crystal  halves  to  the  differential  volume 
f- act  ion.  d V ' d v  is  proportional  to  the  projected  microtwin  thickness 
ma  v/r2  and  the  microtwin  displacement  is  equal  to  pa/3  in  the  100 
direction,  where  m  is  the  number  of  (Ill)  planes  that  compose  the 
ini  crotwin  and  p  is  defined  so  that  the  displacement  vector  of  the 
nicrotvin  in  p a / 6 [ 2 1 1 ] .  If  we  assume  the  sum  of  the  widths  of  all  of 
the  microtwins  in  the  film,  as  they  intersect  the  z  r  z  ’  plane,  is  W,  and 
that  the  total  film  area  is  A,  then  the  strain  relief  due  to  the 
microtwins  is  paW/3/A  and  the  differential  volume  fraction  of  micro¬ 
twins  is  maW/zy^/A.  Therefore,  the  ratio  of  the  strain  relief  to  the 

differential  volume  fraction  for  the  [100]  axis  and  the  [ 21 1 ] / ( I  1 1  > 

<*■"1 

twinning  system  is  'f'2/3. 

In  general,  the  strain  relief  dr  along  a  given  axis,  for  a  given 
twinning  system  will  be  pWbr^A  ,  where  br  is  defined  as 


|b-  r  1 

for 

( b  •  r )  (  n  ■  r ) 

>  0 

(1) 

-  lb  r  1 

for 

'  b  •  r  )  ;  n  •  r ) 

<  0 

0 

for 

(b- r) (n- r) 

=  0 

and  the  differential  volume  fraction  dV/dv  is  maW/V2/A.  The  strain 
relief  can  be  expressed  in  terms  of  the  differential  volume  fraction  as 

dr  =  (  p/m  )  br  V2/a  dV/chv.  (2) 


This  expression  is  valid  for  the  case  of  uniaxial  strain,  such  as  [ 100] 
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vstals  into  two  halves,  and  that  one  half  of  the  cry;,  t  :il  is 
anslated  by  the  vector  a/6  211.1.  Along  the  :  100.  axis,  the  glide  of 
single  a/ 6 [211]  twinning  partial  dislocation  causes  the  two  halves  of 
e  crystal  to  draw  closer  by  a/ 3.  Along  the  (010]  and  .001]  axes, 
wever,  the  two  halves  of  the  crystal  are  displaced  from  one  another 
a  /  6 . 

One  can  determine  whether  a  given  twinning  syster,  is  compressive 
tensile  along  a  given  direction  r  from  the  sign  of  the  product 
r. 1  ;  n  r  i  ,  where  b  is  the  Burgers  vector  of  the  twinning  partial  and  n 
the  normal  to  the  twinning  plane  directed  from  the  suhstra<.e  to  the 
itaxial  layer  las  shown  in  Fig. 7).  We  arrive  at  this  condition  by 
nsidering  the  distance  between  points  on  opposite  sides  of  the 
undary  and  initially  separated  by  the  vector  cn  (which  is,  of  course, 
rallel  to  n ) .  After  the  displacement  due  to  the  twinning  partial, 
e  two  points  are  separated  by  the  vector  cn+b  .  The  direction  of 
terest  is  r  so  that  the  distance  between  the  initial  and  final 
sit  ions  in  the  r  direction  are  Icn  rl  and  l(cn*b)  rl  respectively, 
e  difference  between  the  final  and  initial  distances,  l(cn*b).rl- 
nrl,  to  the  first  order  in  (b  r),  is  ( b  r )  ( n  r ) .  This  is  identical 
the  conditions  outlined  by  Frank  and  Thompson1®  for  determining 
ether  a  microtwin  will  respond  to  compression  or  tension.  The 
oduct  is  positive  for  tension  and  negative  f^r  compression.17 

For  a  given  uniaxial  strain  and  twinning  system,  such  as  [100]  in 

m  p  r  e  s '»  i  o  n  for  (211  }  /  (  1111, 


w  o 


run  compare  the  magnitude  of  t  h o 


n 


the  distance  from 

the 

interface. 

From  F  i  g . 5 

it  is  obvious 

1  h  a  t 

t  h 

jiirrotwin  area  is 

much 

larger  for 

lbOn®  MB  E  SOS 

than  for  5 n 0  n  m 

C  V !) 

SOS 

DISCUSSION 

The  configuration  of  aicrotwins  in  plastically  deformed  silicon 
hive  been  examined  in  detail  by  Yasutake  et  a  l  .  ,  1  s  who  have  confirmed 
the  presence  of  the  '112N/{111}  twinning  systems  first  proposed  for  the 
analogous  fee  metals.  In  particular,  Yasutake  et  al.  have  studied  the 
twinning  systems  active  in  uniaxial  in-plain  compression.  Assuming 
that  the  stresses  relieved  in  SOS  are  compressive,  we  can  ascribe  four 
twinning  systems  to  [100]  compression  and  four  to  [010]  compression. 
The  twinning  systems  corresponding  to  [100]  compression  are  a/6[2111- 
Ill',  a.  6 ' 21  1  ]  /(  fi  l)  ,  a/6[2ll]/(lin,  and  a/6[21  1  ] /(  11  11  .  For  r  0  1  0  ] 

compression,  the  twinning  systems  are  a/6(121)/(lll),  a/6[121]/(llll, 

a -f>:  121  ]  /nil!  ,  and  a  /  6  [  1  2  l  J  /  ( 1 1  l ) 


The  thickness 

o  r 

a 

microtwin 

projected  onto  the 

plane  z  =  z  ’ 

i  s 

equal  to  the  pro 

d  u  c  t 

o  1 

th 

e  microtwin 

thickness  t  divided 

by  the  cos 

l  n  e 

of  the  angle  b e 

tween 

the 

p 1 «ne  and 

the  microtwin  normal. 

This  cos 

i  ne 

is  equal  to  2/V6  and  the  distance  between  two  silicon  {111)  planes  is 
a/  A/3  (where  a  is  the  lattice  constant  for  silicon),  so  th«.  the 
[> rejected  distance  between  two  adjacent  (111)  planes  must  be  a//2.  If 
we  consider  the  «/B(211)/tlll)  twinning  system  activated  bv  '010' 


c empress i on  , 


we  know 


that  the  (III)  plane  separates 


the  si  1  u  on 
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efined  is  d'v  z’i,  leading  to  the  definition  of  the  mirror  win 
ifferentia!  volume  fraction  as  dV/chr. 

ESULTS 

Since  it  is  possible  to  assess  the  microtwin  volume  fraction  as  a 
unction  of  distance  from  the  interface  in  a  quantitative  manner1  we 
ave  determined  the  microtwin  differential  volume  fraction,  as  a 
unction  of  -distance  from  the  interface,  for  150nm  and  550n*  MBE  SOS, 
s  well  as  for  550nm  CVD  SOS.  From  these  data,  shown  in  Fig. 4,  it  is 
lear  that  the  differential  volume  fraction  of  microtwins  is  less,  at 
very  point,  for  the  MBE  550nm  film  than  for  the  550nm  CVD  film.  For 
he  first  1 50nm  of  the  550nm  CVD  film,  the  microtwin  differential 
olume  fraction  is  greater  than  for  the  150n»  MBE  film.  We  can  also 
se  PVTEM  observations  to  determine  the  number  of  microtwins  per  unit 
rea,  as  shown  in  Fig. 5.  Microtwins  in  550nm  CVD  SOS  are  greater  in 
umber  for  all  distances  from  the  interface,  than  for  the  MBE  SOS 
amp  1 es . 

The  differential  volume  fraction  can  be  regarded  as  proportional 
o  the  average  microtwin  width  and  thickness,  as  well  as  the  number  of 
icrotwins  per  unit  area.  A  measurement  of  only  the  microtwin  width 
an  be  u-.nd  to  define  a  new  quantity,  the  differential  area,  dA/df, 
iich  is  equivalent  to  the  differential  volume  fraction  divided  by  '.he 
v  e  r  i  g  e  micro  twin  thickness.  In  Fig. 6,  we  plot  d  A  /  <iv  as  a  function  of 
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an  annealing  treatment  at  1415-1450°C  in  the  ultra  high  vacuum  iUHV'j 
environment  of  the  M  B  E  system.  After  the  annealing  procedure,  silicon 
was  deposited,  on  the  sapphire  substrate  held  at  750JC,  at  a  rate  of 
O.Onncn  per  second  for  a  150nm  film  and  O.lnm  per  second  for  a  550nm 
film.14  We  also  examined  a  550nm  SOS  sample  grown  by  chemical  vapor 
deposition  (CVD1  at  a  growth  temperature  of  910°C  and  a  deposition  rate 
of  30nm  per  second.  Material  fro*  each  of  the  three  samples  was  made 
into  a  cross-sectional  transmission  electron  microscopy  iXTEM)  specimen 
as  well  as  a  plan-view  TEM  (PVTEM)  specimen. 

Using  the  TEM-based  technique  of  Twigg  and  Richmon  11  ,  we  have 
examined  PVTEM  and  XTEM  specimens  from  each  SOS  sample  in  order  to 
measure  the  differential  volume  fraction,  dV/dv,  of  microtwins  as  a 
function  of  the  distance  from  the  s  i  1  i  con / s a pph  i  r e  interface.  PVTEM 
measurem  nt  s  provide  an  estimate  of  the  width  of  an  individual  micro¬ 
twin  as  a  function  of  distance  s'  from  the  interface,  as  shown  in 
rig.l.  XTEM  measurements  give  the  average  microtwin  thickness,  as 

shown  in  fig. 2.  In  fig. 3  we  see  how  combining  measurements  of 

thickness  and  width  allows  a  complete  assessment  of  the  volume  of  a 
mi«- rot  win  as  a  function  of  distance  from  the  silicon/sapphire 

interface.  Over  a  given  area  in  a  P VTEM  specimen,  the  integrated  width 
of  the  microtwins,  for  a  differential  volume  of  the  film  ranging  from  a 
distance  z‘  to  a  distance  z'+dz  from  the  interface,  can  be  multiplied 
by  the  average  microtwin  thickness  and  the  differential  volume 
thickness,  d  z  ,  in  order  to  give  the  differential  contribution,  d  V  (  ?.  '  1  , 
o  the  total  microtwin  volume.  The  differential  volume  of  the  film  is 
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It  has  been  observed  by  a  number  of  authors  that  microtwins  occur 
in  great  abundance  in  (0011  silicon  on  (1012)  sapphire  (SOS).1-2  The 
role  that  microtwins  play  in  accommodat  i  ng  the  large  misfit  that  exists 
between  the  silicon  lattice  and  the  sapphire  lattice  has  also  been 
considered  in  the  literature.1"5  A  recent  study,  however,  conducted  by 
Aindow,  Pond,  and  others  suggests  that  the  role  of  accommodating  the 
misfit  between  silicon  and  sapphire  can  be  assigned  to  a  dislocation 
network  at  the  interface. s  ‘  8  Vhe  conclusions  are  in  agreement  with  the 
conjecture  of  Pirouz,  Ernst,  and  coworkers9-10  that  growth  twins  do  not 
make  a  large  contribution  to  strain  relief  in  he t eroep i t ax i a  1  systems. 

In  order  to  assess  the  contribution  of  microtwins  in  the  strain 
relief  of  thin  films,  one  must  begin  with  microtwin  quantification.  A 
new  procedure  for  microtwin  quantification  in  SOS  was  recently 
developed  by  Twigg  and  R  i  chmond ; 1 1 " 1 3  it  is  our  intention  to  utilize 
this  approach  in  determining  the  strain  relief  due  to  microtwins  in 
this  system. 


EXPERIMENTAL  DETAILS 


Silicon  was  grown  on  sapphire  substrates  using  the  NRL  Vacuum 


S  <■  n  •'  r  a  tors  V  8  0  M  B  E  /  S  A  System. 


Each  sapphire  substrate  was  subjected  to 
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ABSTRACT 

For  he t eroep  i  t ax  i  a  1  systems,  such  as  silicon  on  sapphire,  micro- 
twins  can  usually  be  observed  in  the  epitaxial  layer.  It  has  also  been 
suggested  that  microtwins  also  play  a  significant  role  in  strain  relief 
in  these  systems.  From  a  knowledge  of  the  differential  volume 
fraction  of  microtwins  occurring  in  a  he t er oep i t ax i a  1  systems,  it  is 
possible  to  estimate  the  greatest  possible  strain  relief  due  to 
microtwins.  Measurements  of  the  differential  volume  fraction  of 
microtwins  in  silicon  on  sapphire,  however,  indicate  the  strain  relief 
due  to  microtwins  cannot  be  greater  tha.i  0  .  7  X  ,  even  though  the  lattice 
mismatch  between  silicon  and  sapphire  is  an  order  of  magnitude  larger. 
Therefore,  if  the  silicon/sapphire  interface  is  coherent,  the  misfit 
strain  must  be  relieved  by  another  mechanism. 


1  Present  address:  National  Institute  of  Standards  and  Technology, 

1  1  d  l  ng  225  ,  Ga  l  t.  hersbur  g  ;  MD  2  0  889  ! 
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growth  time,  and  microtwin  contribution  to  strain  relief) 
allow  a  degree  of  strain  relaxation,  due  to  plastic  flow,  in 
MBE-grown  SOS  that  does  not  occur  in  CVD-grown  SOS. 
Strain  relaxation  in  the  silicon  thin  film  eliminates  residual 
stresses  responsible  for  microtwin  stability  in  MBE-grown 
SOS,  whereas  incomplete  strain  relaxation  acts  to  preserve 
microtwins  in  CVD-grown  SOS. 

We  would  like  to  thank  the  Defense  Nuclear  Agency  for 
partial  funding  of  this  research  effort.  Access  to  the  trans¬ 
mission  electron  microscope  was  graciously  provided  by 
Chandra  Pande  of  the  Materials  Science  Division  of  the  U.S. 
Naval  Research  Laboratory.  We  would  also  like  to  thank 
Jeffrey  Tsao  of  Sandia  National  Laboratory  for  helpful  com¬ 
ments  and  for  providing  us  with  several  preprints. 


'L  Pfeiffer,  J  M.  Phillips.  K.  E,  Luther,  K.  W  Wesl.  J.  L.  Batstone.  F.  A. 
Sievic.  and  J.  E  A.  Maunts,  Appl.  Phys.  Lett.  50,  466  ( 1987). 

•'E.  D.  Richmond,  G.  Csmptsi,  and  M.  E  Twigg,  in  Silicon  on  Insulator  and 
Buned  Metals  lit  Semiconductors,  edited  by  C.  K.  Chen.  P.  L.  F.  Hem- 
mem.  i.  C.  Sturm,  and  L.  Pfeiffer  (Materials  Research  Society,  Pitts¬ 
burgh.  PA,  3988),  Mater.  Res.  Soc.  Symp.  Proc.  VoL  107,  p.  377. 

'E.  D.  Richmond.  A.  R.  Knud  son.  T.  J.  Magee,  H.  Kiwayostu.  and  C. 
Leung.  J.  Vac.  Sci.  Technol.  A  Z  569  < I9S4). 

*).  C.  Bean.  Appl.  Phys.  Lett.  36,  74|  ( I9SO). 


'A.  Chnstou.  E.  D  Richmond.  B  R  Wilkins,  and  A.  R  Knudson.  Appl 
Phys.  Lett  44.  796  ( 1984 ). 

*J.  O.  Pellegrino.  M.  E.  Twigg,  and  E.  D  Richmond,  Mater  Res.  Soc 
Proc.  *07.  383  1 1988). 

’J.  G.  Pellegrino.  E.  D.  Richmond,  and  M.  E.  Twigg,  in  Heteroepitaxy  in 
Silicon:  Fundamentals.  Structures  and  Devices,  edited  by  H.  K.  Choi,  R 
Hull.  H.  Ishiwara,  and  R.  J.  Nemanich  (Materials  Research  Society. 
Pittsburgh,  PA.  1988).  Mater.  Res.  Soc  Symp.  Proc.  Vol,  1 16,  p.  389 
*M.  S.  Abrahams  and  C.  J.  Buioccht,  Appl.  Phys.  Lett.  17,  335  (1975). 
*M.  E  Twigg  and  E.  D.  Richmond,  J.  Appl.  Phys.  64,  3037  (1988) 

<°J.  C.  Bean,  L  C.  Feldman,  A.  T.  Fiory,  S.  Nakahara.  and  I  K.  Robinson. 

J.  Vac.  Sci.  Technol.  A  2.  436  ( 1984) 

"J.  Y.  Tsao,  B.  W  Dodson,  S.  T.  Picraui,  and  D  M  Comelison.  Phys  Rev 
Lett.  59,  848  (1987). 

'-'J.  Y.  Tsao  and  B.  W.  Dodson,  Appl  Phys.  Lett.  S3,  848  ( 1988) 

“J.  W.  Matthews  and  A.  E.  Blakeslee.  J.  Cryst.  Growth  27,  1 18  ( 1974). 

,4B.  W.  Dodson  and  J.  Y.  Tsao.  Appl.  Phys.  Lett.  53,  1325  (  1987). 

,SB.  W.  Dodson  and  J  Y.  Tsao,  Appl.  Phys.  Lett.  52,  852  (  1988). 

"■B.  W.  Dodson  and  J.  Y.  Tsao,  Appl.  Phys.  Lett.  53,  2498  ( 1988) 

”M.  E  Twigg.  E.  D.  Richmond,  and  1  G  Pellegrino,  in  Characterization  of 
the  Structure  and  Chemistry  of  Defects  in  Materials,  edited  by  B  C.  Lar¬ 
son.  M.  Ruble,  and  D.  N.  Sesdman  (Materials  Research  Society,  Pitts¬ 
burgh.  PA)  (in  press). 

'“R.  C.  Pond,  D.  J.  Bacon,  and  A.  M.  Bastaweesy,  Int.  Phys.  Conf.  Ser.  67, 
253  (1983). 

'*M.  J.  Stowell  and  T.  J.  Law,  Philo*.  Mag.  19.  1257  ( 1969). 

»j.  P.  Hirth  and  J.  Lot  he.  Theory  of  Dislocations  (McGraw-Hill,  New 
York.  1968),  p.  87. 

>'K.  Yaautake,  S.  Shtmtau.  M.  Umeno.  and  H  Kawabe,  J.  Appl  Phys  61. 
940(1987). 


1766 


hoot  Phys.  Lett ,  Vol.  54.  No  10.  1  May  1969 


Twigg,  Richmond,  and  Pellegrino 


1768 


in  Fig.  1(d),  it  is  clear  that  the  density  of  microtwins  in  700 
nm  (001)  silicon  films  grown  on  (1012)  sapphire  is  much 
less  than  for  550  nm  films.  It  also  appears  that  dislocations 
are  the  predominant  defect  in  the  700  and  4000  nm  films. 
The  elimination  of  microtwins  in  thick  MBE  SOS  films 
stands  in  contrast  to  observations  of  thick  CVD  SOS  films  in 
which  microtwins  occur  in  significant  numbers  for  even 
4000  nm  films.' 

It  is  also  possible  to  assess  the  microtwin  volume  frac¬ 
tion  as  a  function  of  distance  from  the  interface  in  a  quantita¬ 
tive  manner.  Using  the  TEM-based  technique  of  Twigg  and 
Richmond,9  we  have  determined  the  microtwin  differential 
volume  fraction,  as  a  function  of  distance  from  the  interface, 
for  150  and  550  nm  MBE  SOS,  as  well  as  for  550  nm  CVD 
SOS.  The  CVD  SOS  was  grown  at  a  measured  temperature 
of  910  *C  at  a  rate  of  2  /rm/min.  From  these  data  shown  in 
Fig.  2,  it  is  clear  that  the  differential  volume  fraction  of  mi¬ 
crotwins  is  less,  at  every  point,  for  the  MBE  550  nm  film  than 
for  the  550  nm  CVD  film.  For  the  first  150  nm  of  the  550  nm 
CVD  film,  the  microtwin  differential  volume  fraction  is 
greater  than  for  the  150  nm  MBE  film.  It  would  also  seem 
that  the  elimination  of  microtwins  in  700  nm  MBE  SOS  re¬ 
sults  from  the  same  decrease  in  the  microtwin  density  as  a 
function  of  film  thickness. 

The  change  in  the  quantity  of  microtwins  at  a  particular 
value  of  film  thickness  is  reminiscent  of  the  onset  of  disloca¬ 
tion  generation  and  extension  in  germanium-silicon  thin 
films  (grown  by  MBE  upon  germanium  or  silicon  sub¬ 
strates)  at  a  critical  value  of  the  film  thickness.10  According 
to  the  model  of  Tsao  et  al.,"  a  the  driving  force  for  plastic 
deformation  in  thin  films  is  the  difference  between  the  stress 
due  to  lattice  mismatch  and  the  stress  associated  with  the 
creation  or  extension  of  dislocations.  This  difference  is  de¬ 
fined  by  Tsao  et  at.  as  the  “excess  stress”  and  corresponds  to 
the  deviation  from  mechanical  equilibrium  that  was  formu¬ 
lated  earlier  by  Matthews  and  Blakeslee.”  In  their  plastic 
flow  model,  Dodson  and  Tsao  regard  the  critical  stress  as  the 


FIG.  2.  Plot  of  microtwm  differential  volume  friction  u  i  function  of  d»- 
unce  from  the  interfice  for  0.15  pm  indO.SSpm  MBE  SOS,  »nd0  55  pm 
CVD  SOS.  The  emended  srowth  time  ind  nptd  tttenuition  of  microtwui 
growth  beyond  the  interfacnJ  region  contribute  to  dulocitiotu  replicing 
microtwiru  JU  the  predominant  defect  for  relieving  residual  ilruni  in  MBE 
SOS. 


driving  force  in  strain  relief  of  an  initially  coherent  metasta¬ 
ble  strained  layer.14-16 

From  Fig.  2  it  is  apparent  that  microtwins  are  more 
prevalent  and  stable  in  SOS  grown  by  CVD  techniques  than 
in  SOS  grown  by  MBE  techniques.  Consequently,  greater 
relief  of  compressive  strains  is  achieved  by  microtwins  in 
CVD  SOS  than  in  MBE  SOS.  For  150  nm  MBE  SOS.  the 
differential  volume  fraction  of  microtwins  has  dropped  to 
2%  at  100  nm  from  the  interface,  whereas  in  CVD  SOS,  the 
differential  volume  fraction  falls  to  4%  at  the  same  distance. 
For  the  thicker  (55  nm)  MBE  SOS  film,  the  process  by 
which  the  microtwins  collapse  has  reduced  the  differential 
volume  fraction  to  0.3%  at  100  nm  from  the  interface.  The 
volume  fraction  of  microtwins  in  MBE  SOS  falls  off  rapidly 
with  the  distance  from  the  silicon/sapphire  interface,  so  that 
microtwins  play  a  greater  role  in  strain  relief  for  thinnet 
(150  nm)  films  than  in  thicker  (550  nm)  films.  In  CVD 
SOS,  the  volume  fraction  of  microtwins  falls  off  less  rapidly 
than  in  MBE  SOS,  so  that  for  relatively  thick  (550  nm) 
silicon  films,  microtwins  relieve  more  strain  in  CVD  SOS 
than  in  MBE  SOS. 

Because  the  excess  stress  increases  linearly  with  the 
strain  in  the  film,  in  MBE  SOS  the  excess  stress  is  greater  in 
thicker  films  than  in  thinner  films.  Similarly,  the  excess 
stress  is  greater  for  550  nm  MBE  SOS  than  in  550  nm  CVD 
SOS.  The  1 50  and  550  nm  MBE  SOS  films  were  grown  at  the 
same  temperature  and  similar  growth  rates,  and  therefore 
one  would  expect  for  the  greater  excess  stress  associated  with 
the  550  nm  film  to  generate  more  plastic  flow  than  in  the  1 50 
nm  film.  CVD  SOS  is  grown  much  more  quickly  and  at 
much  higher  temperatures  than  MBE  SOS,  so  that  an  evalu¬ 
ation  of  excess  stress  is  not  the  only  consideration  in  estimat¬ 
ing  the  plastic  flow  of  CVD  SOS  with  respect  to  MBE  SOS. 
From  a  knowledge  of  the  excess  stress,  deposition  rate,  and 
growth  temperature,  however,  Dodson  and  Tsao's  model 
can  calculate  plastic  flow  in  such  epitaxial  overlayers'6;  us¬ 
ing  this  approach,  we  have  estimated  for  the  MBE  growth 
process  that  dislocation  generation  and  extension  within  the 
silicon  epitaxial  layer  achieves  0.1%  strain  relief  during  the 
growth  of  a  100  nm  film.”  The  same  model  predicts  only  a 
0.05%  strain  relief,  however,  for  500  nm  CVD-grown  SOS. 

Microtwins  in  thicker  MBE  SOS  films  would  be  expect¬ 
ed  to  collapse  owing  to  the  relief  of  compressive  strains  that 
ia  a  product  of  dislocation  generation  and  extension.  The 
surface  energies  associated  with  microtwia/matrix  inter¬ 
faces  in  silicon"  favor  the  contraction  of  microtwins19;  only 
the  Peach- Koehler  forces20  (due  to  compressive  stresses) 
acting  on  twinning  partial  dislocations,  prevent  microtwin 
collapse,  and  these  forces  only  exist  while  the  film  is  under 
compression.11  For  150  nm  MBE  SOS  films  and  550  nm 
CVD  SOS  films,  our  application  of  the  Tsao  and  Dodson 
model  calls  for  less  plastic  flow  and  strain  relaxation  than  for 
550  nm  MBE  SOS.  Because  the  silicon  film  is  still  under 
considerable  strain  in  150  nm  MBE  SOS  and  550  nm  CVD 
SOS,  large  enough  compressive  stresses  are  present  to  ensure 
microtwin  stability. 

In  conclusion,  it  is  our  conjecture  that  the  combined 
effects  of  the  principal  quantifiable  differences  between 
MBE-grown  SOS  and  CVD-grown  SOS  (temperature. 
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Using  transmission  electron  microscopy,  we  have  examined  a  number  of  (001 )  silicon  thin 
films  grown  on  ( To  1 2 )  sapphire  substrates  by  molecular  beam  epitaxy  (MBE).  We  have  found 
that  for  silicon  films  less  than  0.55  fim  thick,  microtwins  are  very  much  in  evidence.  For 
silicon  films  greater  than  700  nm  thick,  however,  dislocations,  rather  than  microtwins,  are  the 
predominant  defect.  It  is  our  conjecture  that  dislocation  extension,  and  the  associated 
disappearance  of  microtwins  in  thicker  MBE-grown  SOS  films,  is  analogous  to  the  generation 
of  misfit  dislocations  in  silicon-germanium  films  grown  on  silicon  or  germanium  substrates  by 
MBE;  furthermore,  these  observations  can  be  understood  via  the  concept  of  excess  stress  that 
has  been  recently  formulated  by  Tsao,  Dodson,  and  others.  The  persistence  of  microtwins  in 
SOS  grown  by  chemical  vapor  deposition,  as  opposed  to  MBE-grown  SOS,  can  be  understood 
in  terms  of  Dodson  and  Tsao’s  formulation  of  plastic  deformation  kinetics  in  thin  films. 


A  number  of  techniques  have  been  advanced  for  reduc¬ 
ing  the  microtwin  density  for  ( 00 1 )  silicon  grown  on  ( 10 1 2 ) 
sapphire  (SOS),  including  rapid  thermal  annealing 
( RTA ) 12  and  ion  implantation  followed  by  solid  phase  epi¬ 
taxy  ( SPE )  3  These  techniques  have  been  implemented  only 
on  SOS  grown  by  chemical  vapor  deposition  (CVD).  It  is 
also  possible,  however,  to  grow  SOS  by  molecular  beam  epi¬ 
taxy  ( MBE) . 4-7  In  this  study  we  have  chosen  to  focus  on  the 
MBE  growth  of  SOS0  7  rather  than  on  subsequent  processing 
of  the  as-grown  material.  In  order  to  better  understand  the 
behavior  of  crystal  defects  in  SOS,  we  have  used  transmis¬ 
sion  electron  microscopy  (TEM)  to  study  these  defects  in 
MBE-grown  SOS  for  a  wide  range  of  silicon  thin-film  thick¬ 
nesses. 

Silicon  was  grown  on  sapphire  substrates  using  the 
NRL  vacuum  generators  V80  MBE/SA  system.  Each  sap¬ 
phire  substrate  was  subjected  to  an  annealing  treatment  at 
1415-1450  "C  in  the  ultrahigh  vacuum  (UHV)  environment 
of  the  MBE  system.  After  the  annealing  procedure,  silicon 
was  deposited  on  the  sapphire  substrate  held  at  750  "C  using 
a  rate  of  0.05  nm/s  for  thinner  films  and  0.1  nm/s  for  the 
thicker  films  ( 550  nm  or  thicker).  SOS  samples  with  silicon 
film  thicknesses  6,  150,  550,  700,  and  4000  nm  were  grown 
using  this  procedure.0  Material  from  each  of  these  samples 
was  made  into  a  cross-sectional  transmission  electron  mi¬ 
croscopy  ( XTF.M )  specimen  and  analyzed  in  the  TEM.  For 
the  150  and  550  nm  samples,  plan-view  TEM  specimens 
were  also  prepared. 

By  studying  6-nm-thick  silicon  films  grown  on  sapphire, 
we  can  investigate  the  genesis  of  defects  in  SOS.  For  the 
islands  visible  in  XTEM  images  of  6-nm-thick  SOS  films, 
microtwins  appear  to  be  the  predominant  defect.  For  150 
and  550  nm  films,  microtwins  are  also  very  much  in  evi¬ 
dence.  A  bright  field  XTEM  micrograph  of  the  550  nm  film 
is  shown  in  Fig.  1(a)  From  the  corresponding  transmission 

'‘Present  address:  National  Institute  of  Standards  jnd  Technology,  Bldg 
225,  <  iaithersbuig.  MI)  20HX9 


electron  diffraction  pattern  in  Fig.  1(b),  diffraction  spots 
due  to  microtwins  are  clearly  visible.  For  XTEM  specimens 
made  from  700  and  4000  nm  SOS  films,  however,  mi¬ 
crotwins  are  not  visible.  A  bright  field  micrograph  of  a  700 
nm  film  and  the  corresponding  diffraction  pattern  are  shown 
in  Figs.  1(c)  and  1(d),  respectively.  Because  diffraction 
spots  for  twinned  silicon  are  absent  in  the  diffraction  pattern 


0A  fan  MBE  SOS  0.7  /an  MBE  SOS 


HO.  I  (a)  Bright  field  XTKM  image  of  550  nm  MBE-grown  SOS  Visible 
defects  are  both  microtwms  and  dislocations  (b)  (110}  diffraction  pattern 
from  550  nm  MBE  grown  SOS.  Diffraction  spots  corresponding  to  mi* 
crotwins  are  clearly  visible  (c)  Brtghl  field  XTEM  image  of  700  nm  MBE- 
grown  SOS.  Dislocations  are  the  only  visible  defects,  (d)  |  1 10)  diffraction 
pattern  from  700  nm  MBE-grown  SOS.  Diffraction  spots  due  to  microtwms 
do  not  appear  in  the  f  1 10}  d*"  jetton  pattern  of  the  7(X)  nm  SOS 
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relief.  Because  smaller  values  of  excess  stress  are  combined 
with  a  shorter  growth  time  in  CVD  SOS,  dislocation  generation 
is  retarded  and  microtwins  in  the  silicon  film  are  preserved. 
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Fig. 3  Log-log  plot  of  the  strain  relief  8  as  a  function  of 
film  thickness  for  MBE  and  CVD  SOS. 


CONCLUSIONS 

The  MBE  growth  process  for  SOS,  which  includes  a  different 
substrate  preparation,  reduced  growth  temperatures,  and  longer 
growth  tines,  compared  to  the  CVD  growth  process,  favors 
dislocation  nucleation  and  growth  to  a  greater  degree  than  in 
CVD-grown  SOS.  The  strain  relief  that  results  from  greater 
dislocation  densities  leads,  in  turn,  to  the  collapse  of 
uicrotv.'ins.  For  CVD-grown  SOS,  the  values  of  excess  stress 
are  smaller  than  for  MBE-grown  SOS,  due  to  a  greater  volume 
fraction  of  nicrotwins  and  the  associated  greater  strain 
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Fig. 2  Plot  of  the  reduced  excess  stress  as  a  function  of 
kink  position.  (a)  MBE-grown  SOS.  (b)  CVD-grown  SOS.  H  is 
equal  to  the  shear  Modulus  of  silicon. 


computations  are  shown  in  Fig. 3.  From  this  log-log  plot  of 
the  strain  relief  5  as  a  function  of  film  thickness,  it 
is  apparent  that  the  strain  relief  saturates  (with  a  saturation 
value  of  approximately  0.5S>)  at  less  than  lus  for  MBS  SOS,  and 
less  than  10um  for  CVD  SOS.  Microtwins  would  be  expected  to 
collapse  owing  to  the  relief  of  compressive  strains  that  is  a 
product  of  dislocation  generation.  The  surface  energies 
associated  with  microtwin/matrix  Interfaces  favor  the  contrac¬ 
tion  of  microtwins;  only  the  Peach-Koehl er  forces  on  twinning 
partial  dislocations  prevent  microtwln  collapse,  and  these 
forces  only  exist  while  the  film  is  under  compression  [12] 
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Fi*.l  Plot  of  ■lcrotwin  differential  voluee  fraction  as  a 
function  of  distance  froe  the  interface  for  0.15i4a  and  0.55i^a 
MBB  SOS,  and  O.bbi^e  CVD  SOS. 


In  Fid*. 2a  and  2b  we  plot  the  excess  atreaa  (for  MBK  and 
CVD  SOS  reapect ivaly)  aa  a  function  of  the  distance  of  a 
single  kink  in  a  threading  dlalocatlon  froe  the  silicon/sap- 
phire  Interface.  Because  there  is  clearly  a  sealler  voluie 
fraction  of  eicrotwins  in  150ne  MBB  SOS  as  coapared  to  550n» 
CVD  SOS,  the  strain  profile  e(s)  la  greater  in  MBB  SOS  than  in 
CVD  SOS.  The  exceaa  stress,  which  increases  eonotonical ly  with 
the  strain  profile,  is  greater  in  the  MBB  file  than  in  the  CVD 
fila.  The  strain  relief  o  due  to  plastic  flow  can  be  calculat¬ 
ed  Ira*  Dodson  and  Tsao’s  expression  for  the  rate  of  strain 
relief,  di/dt,  which  is  a  function  of  growth  teeperature, 
excess  stress,  and  the  current  value  of  <J.  Me  calculated  the 
strain  relief,  for  a  silicc:t  thin  file  of  given  thickness  grown 
upon  sapphire,  by  nuaerically  integrating  the  rate  of  strain 
relief  over  the  growth  tine  for  the  file.  The  results  of  these 
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specimen  and  analyzed  in  the  TEM.  For  the  150na  and  550nm 
samples,  plan-view  TEM  specimens  were  also  prepared. 


RESULTS 

For  the  islands  visible  in  XTEM  images  of  6nm  thick  SOS 
films,  microtwins  appear  to  be  the  predominant  defect. 
Microtwins  are  also  very  much  in  evidence  in  150nm  and  550nm 
films.  For  700nm  and  4000nm  films,  however,  microtwins  are 
not  visible  in  XTEM  and  .have  been  replaced  by  dislocations 
[9].  The  elimination  of  microtwins  in  thick  MBS  SOS  films 
stands  in  contrast  to  observations  of  thick  CVD  SOS  films  in 
which  microtwins  occur  in  significant  numbers  for  even  4000nm 
films  (10]. 

Using  the  TEM-based  technique  of  Twigg  and  Richmond 
(11],  we  have  determined  the  microtwin  differential  volume 
fraction,  dV/d-y,  as  a  function  of  distance  from  the  interface, 
for  150nm  and  550nm  MBE  SOS,  as  well  as  for  5S0nm  CVD  SOS.  The 
CVD  SOS  wasgrown  at  a  measured  temperature  of  910°C  at  a  rate 
of  30nm  per  second.  From  these  data,  shown  in  Fig.l,  it  is 
clear  that  the  differential  volume  fraction  of  microtwins  is 
less,  at  every  point,  for  the  MB8  150nm  and  550nm  films  than 
for  the  550nm  CVD  film.  I t  is  also  apparent  that,  during  the 
MBE  growth  process,  dv/dv  falls  by  an  order  of  magnitude  as 
the  silicon  film  thickness  increases  from  150nm  to  550nm.  The 
drop  in  dv/dv  continues  for  thicker  films  to  such  an  extent 
that  in  700nm  MBB  SCS  no  microtwins  are  observable  in  XTEM. 


DISCUSSION 

Microtwins  are  sustained  by  and  grow  in  response  to 
stresses  within  the  crystal  matrix.  In  a  thin  film,  these 
stresses  result  from  misfit  strains  between  tha  aubstrate  and 
the  epitaxial  layer,  and  can  be  relieved  by  plastic  flow.  Of 
(.  ourse,  the  reduction  of  such  stresses  leads  to  the  elimination 
of  the  microtwins  (12).  In  the  model  of  Dodson  and  Tsao 

(13-14],  the  driving  force  for  plastic  flow  is  the  excess 
stress.  The  excess  stress  can  calculated  from  the  biaxial 
strain  profile  e(z)  (4),  which  can  be  expressed  in  terms  of  the 
differential  volume  fraction  V’(z).  That  is  (15], 

e ( z )  -  1^/12  (  V’(I0)  -  V'(z)  I  ,  (1) 

where  V’(zo),  the  maxlaui  value  of  V'(z),  is  assumed  to  relieve 
a  misfit  strain  of  Y2 / ] 2  V’(zo).  Because  V2/12  V’(zo)  is 
approximately  0.5k  and  tha  misfit  strain  associated  with  a 
coherent  s i 1 i con/sapph i r a  interface  ia  an  order  of  magnitude 
larger  (16],  either  defects  other  than  mlcrotwina  act  to 
relieve  most  of  the  strain  at  the  inteeface  [17]  or  the 
s l 1 i con/sepph i ra  Interface  ia  not  coherent  in  the  conventional 
sense.  The  possibility  that  the  he t or oep i t ax i a  1  Interface  in 
SOS  is  not  a  series  of  aligned  planea  separated  by  defecte  hae 
been  suggested  by  Ponce,  who  conjectured  that  silicon  might  be 
bonded  to  snpphlre  using  aluminosilicate  bonding  configurations 
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ABSTRACT 

We  have  examined  a  number  of  MBE-grown  (001)  silicon  thin 
films  grown  on  (1012)  sapphire  substrates  using  transmission 
electron  microscopy.  We  have  found  that  for  silicon  films  less 
than  0.55j4m  thick,  microtwins  are  very  much  in  evidence.  For 
silicon  films  greater  than  700nm  thick,  however,  dislocat ions , 
rather  than  microtwins,  are  the  predominant  defect.  It  is  our 
conjecture  that  the  generation  of  dislocations,  and  the 
associated  disappearance  of  microtwins  in  thicker  MBE-grown  SOS 
films,  is  analogous  to  the  generation  of  misfit  dislocations  in 
silicon-germanium  films  grown  on  silicon  or  germanium  sub¬ 
strates  by  MBE.  The  persistence  of  microtwins  in  CVD-grown 
SOS,  as  opposed  to  MBE-grown  SOS,  can  be  understood  in  terms  of 
Dodson  and  Tsao’s  formulation  of  the  kinetics  of  plastic  flow 
in  thin  germanium-silicon  films. 


INTRODUCTION 

For  germanium-silicon  thin  films  grown  upon  germanium  or 
silicon  substrates,  the  onset  of  plastic  flow  at  a  particular 
value  of  film  thickness  has  been  attributed  to  dislocation 
generation  [1,2].  According  to  the  model  of  Tsao,  Dodson, 
and  others  (3,4),  the  driving  force  for  plastic  deformation  in 
thin  films  is  the  difference  between  the  stress  due  to  lattice 
mismatch  and  the  stress  required  for  the  formation  of  extended 
kinks  in  threading  dislocations.  This  difference  is  defined  by 
Tsao  et  al.  as  the  "excess  stress"  and  corresponds  to  the 
deviation  from  mechanical  equilibrium  that  was  formulated 
earlier  by  Matthews  and  Blakeslee  [5].  In  their  plastic 
flow  model,  Dodson  and  Tsao  regard  the  excess  stress  as  the 
driving  force  in  the  strain  relief  of  an  initially  coherent 
metastable  strained  layer  (6).  It  is  our  intention  to  show 
that  Dodson  and  Tsao’s  plastic  f’ow  model  can  be  applied  to 
strain  relief  in  silicon  on  sapphire  (SOB). 


EXPERIMENTAL  DBTAILS 

Silicon  was  grown  on  sapphire  substrates  using  the  NRL 
Vacuus  Generators  V80  MBE/SA  System.  Each  sapphire  substrate 
was  subjected  to  an  annealing  treatment  at  1415-1450°C  in  the 
ultra  high  vacuus  (UHV)  environment  of  the  MBS  system.  After 
the  annealing  procedure,  silicon  wco  deposited  on  the  sapphire 
substrate  held  at  750JC  using  a  rate  of  0,05nm  per  second  for 
thinner  films  and  G.lnm  per  second  for  the  thicker  films  (550ns 
or  thicker).  503  samples  with  silicon  fils  thicknesses  6nm, 
1 50nm ,  550nm ,  7 0  0 nm  and  4000nm  were  grown  uaing  this  proce¬ 
dure  (7,8).  Material  from  each  of  thesa  samples  was  made  into 
ii  cross-sectional  transmission  electron  microscopy  (XT KM) 
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FIG-  10.  Plot  of  the  microtwin  density  as  the  number  of  microtwins  per  unit 
irea  as  a  function  of  distance  from  the  sthcon/sapphire  interface. 

the  interface,  but  these  studies  only  measured  the  microtwin 
density  for  distances  greater  than  300  A  from  the  interface. 
A  Ithough  Parker  and  co-worketv  also  began  their  measure¬ 
ments  300  A  from  the  interface,  they  found  that  the  mi¬ 
crotwin  density  was  greatest  i000  A  from  the  interface.  Of 
course,  these  studies  were  measuring  density  rather  than  vol¬ 
ume  fraction.  For  the  sake  of  completeness,  we  have  devel¬ 
oped  our  own  measurement  of  microtwin  density  as  a  func¬ 
tion  of  distance  from  the  interface.  In  Fig.  10,  we  display  the 
microtwin  density  as  the  number  of  microtwms  per  unit  area 
that  survive  to  a  given  distance  from  the  silicon/sapphire 
interface.  As  in  other  measurements  of  microtwin  density, 
we  found  that  the  number  of  microtwins  per  unit  area  de¬ 
creases  monotonically  with  the  distance  from  the  interface. 

It  is  our  contention  that  the  microlwin  differential  vol¬ 
ume  fraction  is  not  greatest  at  the  interface  because  over  the 
first  several  hundred  angstroms  from  the  interface,  the  vol¬ 
ume  of  an  individual  microtwin  increases  markedly.  There 
are  a  large  number  of  microtwins  that  e.stend  only  a  few 
hundred  angstroms  from  the  interface,  however,  so  that  the 
loss  of  these  small  microtwins  in  the  calculation  of  the  vol¬ 
ume  fraction  eventually  brings  about  a  decrease  iri  the  differ¬ 
ential  volume  fraction.  Nevertheless,  the  continuing  volume 
increase  for  some  microtwins  with  distance  from  the  inter¬ 
face  preventsadrasticdecrea.se  in  dV  /dv  For  this  reason  the 
quantity  dV  /dv  shows  a  less  marked  decrease  with  thickness 
than  measurements'  1  of  microtwin  density. 

In  this  s'udy,  as  well  as  in  previous  studies,  it  is  apparent 
that  of  the  four  twinning  systems  for  silicon,  two  produce  a 
relativel'  arge  number  of  microtwins  (the  majority  twin¬ 
ning  systems)  and  two  produce  a  relatively  small  number  of 
microtwms  (the  minority  twinning  systems), ’  when  the 
( 00 1 )  plane  of  silicon  is  pa.allel  to  the  ( 1012)  plane  of  sap¬ 
phire  From  transmission  electron  diffraction  experiments, 
v  e  found  that  the  vertical  misorientation  of  the  silicon  (001 ) 
o. reef  ion  was  r  0.5*  from  normal  to  the  (  To  1 2 )  sapphire 
plane  and  the  horizontal  misorientation  was  effectively  zero 
(using  the  definitions  for  misorientation  in  the  stlicon/sap- 
phire  system  established  by  Smith  and  Wetzel").  For  such  a 
small  misorientation,  the  volume  fr-.ction  of  majority  mi- 
crotwins  should  be  greater  than  the  volume  fraction  of  mi¬ 
nority  microtwms  "  We  have  found  (hat  the  number  of  ma¬ 


jority  microtwins  is  greater  than  that  of  minority  twins  for 
all  distances  from  the  interface.  This  dominance  of  the  ma¬ 
jority  twinning  system  is  in  force  at  the  interface  with  the 
majority  microtwin  differential  volume  fraction  of  the  inter¬ 
face  assuming  a  value  more  than  twice  that  of  minority  mi¬ 
crotv.  ins.  That  the  majority  value  of  d  V/dvax.  the  interface  is 
clearly  greater  than  the  minority  value  argues  well  for  the 
contention  that  majority  microtwins  nucleate  on  the  sap¬ 
phire  surface  more  easily  than  minority  microtwms.  This 
point  of  view  is  supported  by  the  observation  of  Lihl  et  at. 
that  the  lattice  of  majority  microtwms  is  in  closer  coinci¬ 
dence  with  the  sapphire  surface  than  the  lattice  of  minority 
microtwins.'  If  our  observations  had  indicated  that  majority 
and  minority  value  ofdF/dvwere  the  same  at  the  interface, 
then  the  difference  between  majority  and  minority  concen¬ 
tration  profiles  might  be  ascribed  to  anisotropic  stresses  set 
up  by  growing  a  cubic  crystal  onto  the  face  of  a  rhombohe- 
dral  substrate.  On  the  basis  of  the  observations  of  this  study, 
however,  nothing  can  be  said  regarding  the  role  of  anisot  Top¬ 
ic  stresses  in  the  growth  of  microfvms. 

CONCLUSIONS 

The  results  of  this  study  indicate  that  microtwin  differ¬ 
ential  volume  fraction  &  «s  not  decrease  monotontcallv  from 
the  interface.  The  volume  fraction  of  silicon  occurring  as 
microtwins  does  not  abruptly  decrease  away  from  the  inter¬ 
face;  instead  there  is  a  tendency  for  the  volume  fraction  of 
individual  microtwins  to  increase  over  the  first  several 
hundred  angstroms  away  from  the  interface  due  to  an  in¬ 
crease  in  the  average  microtwin  volume.  PVTEM  obscr  s- 
tions  also  indicate  that  the  micrctwms  arc  heavily  faceted 
and  grow  from  nucleation  sites  at  the  interface. 
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Flii  K  U)  Electron  diffraction  condi  ion  foe  DF  imaging  configuration 
*nh  4  j  1 10)  beam  direction  and  J  (224)  diffracted  beam,  (b)  Using  lha 
diffracting  condition,  a  DF  TF.M  image  presents  an  edge-on  vies*  of  mi- 
crotwins  associated  with  the  minority  (III)  twinning  system. 

flection.  From  the  DF  image  in  Fig.  8(b),  the  median  thick¬ 
ness  of  the  minority  twins  appears  to  be  50  A,  which  gives  a 
value  of  60  A  for  the  projected  width  along  the  (001 )  plane. 

In  order  to  obtain  a  DF  image  of  a  microtwin  edge-on, 
one  need  only  require  that  the  diffraction  vector  is  parallel  to 
the  habit  plane  of  the  microtwin,  and  that  the  systematic 
reflections  +  g  corresponding  to  the  habit  plane  are  equally 
excited.  Orienting  a  TEM  specimen  so  ±  g  are  equally  excit¬ 
ed  can  usually  be  done  very  easily  with  the  aid  of  Kikuchi 
lines  Unfortunately,  in  the  SOS  samples  examined  in  this 
study,  the  strain  fields  associated  with  the  large  microtwin 
density  prevented  the  appearance  of  Kikuchi  lines.  Without 
kikuc  lit  lines,  specimen  alignment  must  rely  on  the  intensity 
of  diffraction  spots.  We  therefore  decided  to  assure  that  the 
mi.  totwins  were  being  imaged  edge  on  by  directing  the  un- 
diilt, icted  beam  down  the  (  1 10 J  zone  axis. 

lie  Cl  use  the  differential  volume  fraction  of  twinned  stli- 
i  on.  IV  'iiv,  is  defined  over  a  specific  aiea,  it  is  important  to 
lonsnhr  iliat  i he  area  corresponding  to  a  TEM  micrograph 
is.tl.o  diere  I  b;  projection  effects  Any  plane  defining  an 
area  u  .-d  for  i  all  nial'ng  the  defect  density  in  a  plan-view 
sample  nni,t  be  p.n.illel  to  the  ((X)l  i  plane  When  viewing 
some  porlinn  of  the  t  (X)  1 )  plane  using  the  (  I  14  |  beam  direc- 
non.  the  area  of  such  a  region  must  appear  in  t tic  projected 
image  to  be  reduced  by  a  factor  equal  io  the  covine  of  the 
angle  between  the  j  1 14)  and  |(X)I )  directions.  In  this  case 
i  lie  projected  area  is  equal  to  the  actual  area  multiplied  by  4/ 

.  I  4  t  he  area  used  for  calculating  the  defect  density  can  then 
iv  deter  muted  by  multiplying  the  projected  area  hv  N  I  S/4 
I  he  differential  volume  fraction  of  twinned  material, 
dV /d\\  is  plotted  as  a  function  of  distanc  e  from  the  silicon/ 

•  .i|)[>lure  interface  in  Fig.  9.  As  indicated  above,  one  begins 
the  lalculalion  of  dV /tlv  for  a  specific  distance  z'  from  the 
interlace  by  determining  the  cross-sectional  area  of  a  mi¬ 


FIG.  9  Plot  of  the  differential  volume  fraction  d  V /dv  as  a  function  of  dis¬ 
tance  from  the  silicon/sapphire  interface. 

crotwin  defined  by  its  intersection  with  the  z  =  z!  plane, 
which  is,  of  course,  parallel  to  the  plane  of  the  substrate.  The 
value  for  z'  is  determined  by  multiplying  the  distance  along  a 
microtwin  facet  up  from  the  interface  by  y^/3,  as  indicated 
in  Fig.  6.  The  cross-sectional  area  of  the  microtwin  for  the 
distance  z'  is  the  product  of  the  width  ( defined  as  "w”  in  Fig. 
4)  of  the  microtwin  parallel  to  the  substrate  by  the  thickness 
of  the  substrate  in  the  z  =  z'  plane.  For  minority  and  major¬ 
ity  microtwins  these  thicknesses  are  60  and  90  A.  respective¬ 
ly,  as  measured  from  Figs.  7(b)  and  8(b).  The  cross-section¬ 
al  area  for  all  mic.O  twins  are  summed  for  a  specific  region; 
this  sum  is  then  divided  by  the  area  of  the  region  n:  question. 
Due  to  projection  effects,  the  true  area  of  the  defined  region 
is  greater  than  that  calculated  directly  from  the  micrograph 
by  a  factor  of  vTI/4. 

A  useful  check  for  tlie  differentia!  volume  fraction  pro¬ 
file  measurement  technique  is  performed  by  integrating  d V / 
dv  over  the  distance  from  the  interface  in  order  to  estimate 
the  total  microtwm  volume  fraction  of  the  sample.  This 
number  for  the  total  microtwin  volume  fraction  can  then  be 
compared  with  a  value  obtained  by  a  reliable  macroscopic 
technique  For  the  measurement  of  the  volume  fraction  of 
microtwins  in  a  macroscopic  sample,  x-ray  pole  figure  analy¬ 
sis  is  an  appropriate  technique.  According  to  Cullen,  Duffy, 
and  Sniclt/er.'  x-ray  pole  figure  analysis  measurements  indi¬ 
cate  the'  device- grade  SOS  contains  from  IFF  to  4rF  twinned 
silicon  by  volume  Integration  of  our  differential  volume 
fraction  measurements  over  silicon  film  thickness  indicate 
that  the  total  volume  fraction  for  microtwins  is  KF. 

DISCUSSION 

One  of  the  most  interesting  fea'ures  evident  in  the  mi¬ 
crotwm  volume  fraction  profiles  is  that  dl' /dv  docs  not  ap¬ 
pear  to  be  greatest  at  the  interface.  In  general,  the  differential 
microtwm  volume  fraction  is  greatest  100  A  from  the  inter¬ 
face  and  does  not  drop  significantly  below  the  interface  value 
for  distances  from  the  interface  that  are  less  than  KXX)  A. 

I  he  studies  of  Abrahams  and  Hiiioccht1  and  lahl  ft  til. ' 
showed  density  dropping  monotomrally  with  distance  from 
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dv/dz  of  the  volume  v(z)  of  a  silicon  film  of  thickness  z. 
DividinguK/c/zby  dv/dz  yields  the  quantity  [dV /dv)z  =  z 
which  can  be  measured  by  dividing  the  area  of  the  mt- 
crotwins  in  the  plane  z  =  z'  by  the  total  area  of  the  substrate 
plane.  In  practice,  the  quantity  {dV /dv)z  —  z'  can  be  esti¬ 
mated  by  mai  king  offa  representative  area  of  the  sample  and 
dividing  it  into  the  area  of  the  microtwins  intersecting  the 
plane  z  --  z  .  The  area  used  for  our  measurement  is  marked 
by  the  diamond  in  Fig.  2.  The  volume  fraction  of  twinned 
material  for  the  whole  thickness  of  the  silicon  film  can  be 
determined  from  dl'/dvby  integrating  it  over  the  film  thick¬ 
ness  and  then  dividing  by  the  total  film  thickness. 

In  Fig  6  we  illustrate  this  procedure  for  a  single  mi- 
crotwin  In  this  case  the  electron  beam  is  parallel  to  the 
1 114)  direction  oftht  silicon  epitaxial  layer.  We  are  interest¬ 
ed  in  the  width  of  the  microtwin  parallel  to  the  interface.  For 
c  microtwin  in  the  (111)  plane  that  direction  is  [ T 10].  Be¬ 
cause  (1 10 j  lies  in  both  the  (111)  and  (114)  planes,  the 
silicon  crystal  can  be  viewed  as  rotating  about  a  stationary 
1110)  axis  as  the  electron  beam  direction  passes  from  [111) 
to  [114).  Any  measurement  made  from  a  projected  TEM 
image  along  the  ( TlO)  direction  cannot  be  distorted  by  this 
rotation  and  thus  one  need  only  account  for  the  effect  of 
magnification  in  measuring  the  microtwin  width.  Measuring 
the  distance  of  a  given  point  oT  the  microtwin  from  the  inter¬ 
face.  however,  requires  a  more  detailed  consideration  of  the 
geometry. 

The  TEM  image  is  a  two-dimensional  projection  of  a 
three-dimensional  object.  Therefore,  wf  i  imaging  a  mi- 
crotwin  lying  on  the  ( 1 1 1 )  plane  via  a  (11  earn  direction, 
the  lines  that  he  in  the  (  1 1 1 )  plane  and  at.  ot  parallel  to 
|I10)  will  apjiear  shorter  than  their  actual  *th.  In  this 
case,  the  projected  lengths  of  [  Ol  I  ]  and  [  101  j  : }  of  their 
corresponding  actual  lengths.  Tne  distance  from  the  inter¬ 
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face  can  be  measured  along  these  two  ( 1 10)  directions  by 
simply  dividing  the  distance  along  the  line  by  \2.  Therefore, 
from  a  TEM  image  with  a  [114}  beam  direction,  the  dis¬ 
tance  from  the  interface  can  be  calculated  by  multiplying  the 
distance  along  [  10T  ]  or  [oil )  by  v  8/3  j  which  is  the  product 
of } and  1  / v  2 ) . 

If  SOS  were  not  such  a  highly  strained  material,  mt- 
croiwtn  thickness  might  be  obtained  by  examining  fringes 
within  the  microtwins.  This  type  of  thickness  measurement 
is  very  difficult  for  even  relatively  unstrained  material,  how¬ 
ever.  due  to  the  possibility  that  each  microtwm  is  actually  a 
sandwich  of  twinned  and  untwinned  silicon.1  Due  to  these 
complications,  we  have  chosen  to  determine  microtwin 
thickness  by  DF  imaging  of  XTEM  samples  oriented  so  that 
the  microtwins  are  viewed  edge-on. 

The  thickness  of  microtwins  can  be  measured  from  a 
properly  oriented  XTEM  sample  imaged  in  DF.  An  electron 
diffraction  pattern  for  the  [  l To)  beam  direction  of  an 
XTEM  sample  is  shown  in  Fig.  7(a).  This  is  the  diffraction 
configuration  we  have  chosen  for  imaging  the  majonty  set  of 
mtcrotwins  The  dtffraction  vector  marked  for  DF  imaging 
is  the  j  ( 224),  which  is  parallel  to  the  (ill)  habit  plane  of 
the  mtcrotwins.  Linder  this  imaging  condition,  the  DF  coils 
have  deflected  the  }  (224)  beam  so  that  it  is  parallel  to  the 
optica!  axis  and  the  specimen  has  been  tilted  clockwise  about 
the  [  111 )  axis  in  order  to  make  the  main  beam  once  again 
oarallel  to  the  ( 110)  axis.  For  this  configuration,  (111)  mi- 
crotwins  are  imaged  edge-on,  as  in  Fig/ 7(b).  The  median 
thickness  of  the  majonty  mtcrotwins  appears  to  be  approxi¬ 
mately  75  A,  which  translates  into  a  40-A.  projected  width 
along  the  (001 )  plane  of  the  substrate. 

Using  an  analogous  diffracting  condition,  shown  in  Fig. 
8(a),  the  minonty  microtwins  corresponding  to  the  (Til) 
habit  plane  are  imaged  edge-on  in  DF  using  the  }  (224)  re- 
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FIG.  3  Stcrcopair  TEM  micrograph*  showing  the  morphology  of  rro- 
croiwin*  :n  SOS.  From  (his  pair  of  micrograph*,  it  is  apparent  that  mi- 
crotwins  grow  as  contiguous  structures  from  the  interface. 

t he  four  ( 1 14)  beam  directions  considered  here,  we  found 
that  the  rnicrotwins  in  every  twinning  system  are  bounded 
by  facets  corresponding  to  { 1 10)  directions  in  the  pians  of 
the  microtwin.  In  Fig.  4  the  facets  of  a  microtwin  associated 
with  the  (111)  twinning  system  are  indexed.  Though  trace 
analysis  provides  thedirection  of  microtwin  features,  a  com* 
plete  understanding  of  the  microtwin  morphology  is  still 
greatly  assisted  by  the  three-dimensional  view  of  the  mi¬ 
crotwins  provided  by  stereomicroscopy.  The  results  of  the 
DF  stereomicroscopy  experiment  for  the  (114)  pole  is 
shown  in  Fig  3  It  is  apparent  from  this  stereomicrograph 
and  from  stereomicrographs  corresponding  to  the  other 
( 1 14)  beam  directions,  that  all  microtwins  are  contiguous 
and  grow  from  the  interface.  The  point  where  the  sapphire 
substrate  is  milled  away  and  only  the  silicon  epitaxial  layer 
remains  is  also  more  obvious  when  viewed  in  stereo.  Futher- 
more,  it  is  apparent  from  Fig.  3  that  many  twins  are  in  con¬ 
tact  with  the  interface  for  only  a  few  hundred  angstroms.  A 
large  microtwin  has  a  tendency  to  begin  at  the  interface  as 
only  a  very  small  feature  and  then  grow  rapidly  in  srea  as  it 
propagates  through  the  lilm 

MICROTWIN  VOLUME  FRACTION 

Rather  than  focusing  on  the  number  of  microtwins  seen 
to  occur  within  some  distance,  area,  or  volume,  it  is  the  aim 
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FIG.  4.  Indexing  of  facets  for  a  microtwin  occurring  in  silicon  grown  on 
sapphire.  The  "facet"  parallel  to  the  1 1 ! 0 ]  direction  is  actually  the  top  of 
the  microtwin  as  il  tntersecu  the  surface  of  the  silicon  film 

of  this  study  to  determine  the  volume  fraction  of  twinned 
silicon  as  a  function  of  the  distance  from  the  silicon/sapphire 
interface.  In  discussing  the  volume  fraction  of  rnicrotwins  as 
a  function  of  the  distance  from  the  interface,  we  are  consider¬ 
ing  a  differential  quantity.  Let  us  imagine  a  function  that 
corresponds  to  the  total  volume  V(z)  of  twinned  material  up 
to  a  specific  distance  /  from  the  interface,  as  in  Fig.  5.  When 
we  evaluate  the  derivative  dV /dz  at  a  distance  z'  from  the 
interface,  the  contribution  to  this  quantity  from  a  single  mi¬ 
crotwin  is  given  by  the  cross-sectional  area  defined  by  the 
intersection  of  the  microtwm  and  the  plane  defined  by  z  =  z  . 
The  value  of  dV  /dz  at  z‘  corresponds  to  the  sum  of  these 
areas  marked  off  in  the  z  —  z'  plane.  The  total  area  of  the 
plane  a  distance  /  from  the  interface  equals  the  derivative 


FIG  V  Schematic  definition  of  the  differential  volume  friction.  dV  /  d\\  for 
rmcrntwms  K(/>  is  the  total  volume  of  rnicrotwins  measured  from  the  in¬ 
terface  v(/)  is  the  total  volume  of  the  silicon  film  measured  from  the  inter- 
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down  on  a  piece  of  sapphire.  After  perforating  the  sample 
during  the  first  stage  of  ion  milling,  we  further  reduced  the 
overall  thickness  of  the  plan-view  sample  by  milling  it  at  a 
1 5°  angle  on  both  sides  at  6  kV  and  1  mA  for  6  min.  XTEM 
samples  are  glued  together  in  the  usual  way7  and  then  me¬ 
chanically  dimpled  to  a  thickness  of  30 /im  or  less.  Ion  mill¬ 
ing  of  XTEM  samples  is  carried  out  at  a  10°  angle  with  a 
voltage  of  5  kV  and  a  current  of  1  mA.  Using  the  parameters 
described  here,  sapphire  appears  to  mill  away  at  about  1  /im/ 
h  for  both  PVTEM  and  XTEM  samples. 

CRYSTALLOGRAPHIC  CONSIDERATIONS 

In  order  to  obtain  the  detailed  geometrical  information 
required  for  a  determination  of  the  microtwin  density  pro¬ 
file,  it  is  necessary  to  find  a  number  of  beam  directions  with 
strong  and  distinct  reflections  for  the  DF  TEM  imaging  of 
microtwins.  The  smallest  extinction  distance  for  silicon  cor¬ 
responds  to  the  { 1 1 1 }  reflection  and  the  only  poles  contain¬ 
ing  as  many  as  two  of  these  reflections  are  the  <  1 10)  poles.  It 
is  relatively  easy  to  determine  which  poles  in  the  original 
crystal  system  correspond  to  the  ( 1 10)  poles  after  the  twin¬ 
ning  operation,  because  twinning  can  be  viewed  as  the  result 
of  a  60°  rotation  about  the  normal  to  the  twin  plane.  This 
operation  corresponds  to  a  simple  rotation  matrix  and  from 
the  application  of  these  fransformations,  it  is  apparent  that 
all  <  1 10)  directions  transform  to  other  ( 1 10)  directions  or 
to  ( 1 14)  directions.  We  prefer  the  poles  used  in  our  imaging 
experiments  to  be  in  close  angular  proximity  to  one  another. 
Four  of  the  (114)  poles  (i.e.,  1114),  { 1 14] ,  (Il4),  and 
( 1 14) )  meet  this  criterion.  Each  of  these  four  poles  is  19.47* 
from  the  (001)  pole.  There  is  a  simple  relationship  between  a 
given  ( 1 14)  zone  axis  pattern.  Fig.  1,  and  the  {ill}  habit 
plane  of  the  microtwin  giving  rise  to  the  twinned  diffraction 
spots.  The  first  two  indices  of  the  habit  plane  match  the  first 
two  indices  of  the  zone  axis  (e  g.,  (ill)  corresponds  to 
(114)). 

MICROTWIN  MORPHOLOGY 

We  begin  our  study  of  .nicrotwin  morphology  by  identi¬ 
fying  the  principle  features  of  TEM  images  for  plan-view 
SOS  samples.  The  PVTEM  sample  is  ion  milled  from  the 
sapphire  side  until  a  small  hole  develops  in  the  center  of  the 
sample.  The  part  of  the  sample  nearest  the  edge  of  the  hole  is 
devoid  of  sapphire,  so  that  only  the  silicon  epitaxial  layer 
remains.  The  foil  edge  consisting  only  of  silicon  is  clearly 
visible  in  Fig.  2  as  the  leftmost  part  of  the  specimen  image 


FIG  I  Zone  oit  diffraction 
paii-rn  for  ihe  (l!4|  twam 
dire*  lion 


FIG.  2.  Dark-field  TEM  micrograph  of  plan-view  specimen.  This  region  of 
the  specimen  is  bounded  on  Ihe  left  by  the  hole  made  by  the  ion  milling 
process,  and  bounded  10  the  right  by  the  increasingly  thick  sapphire  sub¬ 
strate.  The  boundary  marked  by  arrows  corresponds  to  the  elimination  of 
(he  sapphire  substrate  by  ion  milling;  hence,  the  specimen  lo  the  left  of  the 
boundary  is  composed  only  of  silicon.  To  the  right  of  the  boundary  silicon 
on  sapphire  is  imaged.  The  diamond  circumscribes  the  area  used  in  the  mi- 
crotwin  density  measurements. 


Within  the  silicon  edge  of  the  thin-foil  specimen,  microtwins 
with  a  white  appearance  are  visible.  This  image  was  obtained 
using  a  dark-field  imaging  condition  set  up  so  that  the  objec¬ 
tive  aperture  only  admitted  diffracted  intensity  associated 
with  one  of  the  Bragg  reflections  of  the  twinned  silicon  lat¬ 
tice.  As  we  follow  the  sample  features  from  right  to  left,  it  is 
apparent  that  the  image  contrast  undergoes  a  marked 
change  at  a  boundary  marked  by  arrows  in  Fig.  2.  This 
boundary  identifies  the  point  where  ion  milling  has  com¬ 
pletely  removed  the  sapphire  substrate  and  revealed  the  sili¬ 
con  eptitaxial  layer.  Near  this  boundary  the  sapphire  is  suffi¬ 
ciently  thin  to  allow  the  study  of  microtwms  growing  from 
the  siiicon/sapphire  interface  via  TEM. 

In  order  to  study  the  microtwins  growing  from  the  inter¬ 
face  towards  the  silicon  surface,  a  three-dimensional  obser¬ 
vation  of  microtwin  morphology  is  extremely  helpful.  One 
can  study  features  in  a  thin  foil  in  three  dimensions  via  ster- 
eomicioscopy.  As  in  any  other  form  of  microscopy  or  pho¬ 
tography,  the  observer  obtains  a  stereoimage  by  viewing  the 
object  from  two  slightly  different  directions.  The  only  signif¬ 
icant  difference  between  stereoimaging  in  the  TEM  and  in 
conventional  photography  is  the  constraint  that  the  diffrac¬ 
tion  conditions  must  be  similar  for  each  of  the  two  TEM 
stereoimages.'’  In  Fig.  3  we  show  such  a  pair  of  stereomicro¬ 
graphs  (known  as  a  stereopair)  corresponding  to  beam  di¬ 
rections  that  are  about  5’  apart.  Each  TEM  image  was  ob¬ 
tained  in  dark  field  using  the  1/3  ( 131 )  diffraction  vector. 

From  the  DF  PVTEM  stereopair  in  Fig.  3,  it  is  apparent 
that  microtwins  in  SOS  are  faceted.  For  nncrotwins  imaged 
with  one  of  the  twin  refections  of  the  [  1 14)  zone  axis  diffrac¬ 
tion  pattern,  the  direction  of  the  facet  must  lie  in  the  (111) 
plane.  The  projected  direction  of  a  given  facet  can  be  deter¬ 
mined  for  the  [  1 14  j  beam  direction  and  analyzed  subject  to 
the  constraint  that  the  direction  remains  m  the  (111)  plane 
and  the  actual  direction  of  the  facet  can  be  determined  via 
(race  analysis,”  After  performing  such  an  analysis  for  each  of 
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In  order  to  understand  the  influence  of  various  growth  and  processing  procedures  on  the 
quality  of  silicon  grown  on  sapphire  (SOS),  one  needs  a  way  to  measure  microtwin  density  as  a 
function  of  distance  from  the  interface.  In  previous  studies,  however,  the  technique  best  suited 
for  determining  such  a  density  profile,  transmission  electron  microscopy  (TEM),  has  been 
applied  to  this  problem  in  a  relatively  qualitative  manner.  We  have  chosen  to  apply  TEM  in  a 
more  quantitative  fashion  to  this  problem  by  keying  our  observations  to  microtwin 
morphology.  These  observations  indicate  that  the  microtwins  occurring  in  SOS  grown  by 
chemical  vapor  deposition  are  faceted  and  grow  contiguously  from  the  interface.  The  volume 
fraction  of  silicon  occurring  as  microtwins  does  not  decrease  away  from  the  interface  at  as 
large  a  rate  as  indicated  by  previous  TEM  studies.  Instead,  the  decrease  in  the  number  of  twins 
away  from  the  interface  appears  to  be  balanced  by  an  increase  in  twin  size.  It  also  appears  that 
the  greatest  volume  fraction  of  twinned  material  occurs  at  least  several  hundred  angstroms 
away  from  the  interface  rather  that  at  the  interface. 


INTRODUCTION 

It  is  well  established  that  microtwins  play  an  important 
role  in  accommodating  stresses  that  accompany  growth  of 
silicon  on  sapphire  (SOS)  for  the  (001 )  silicon/(I012)  sap¬ 
phire  heteroepitaxial  system. 1  Despite  the  importance  of  mi- 
crotwins  in  SOS  growth,  few  investigations  have  addressed 
their  actual  morphology.  Some  of  the  previous  studies  on 
thicker  (  >  1000  A)  silicon  films  grown  on  sapphire  by 
chemical  vapor  deposition  (CVD)  have  relied  on  transmis¬ 
sion  electron  microscopy  (TEM)  of  cross-section  TEM 
(XTEM)  samples. 1,2  The  XTEM  geometry  is  useful  for 
studying  the  silicon/sapphire  interface  and  for  quickly  arriv¬ 
ing  at  a  qualitative  estimate  of  the  defect  density  as  a  func¬ 
tion  of  distance  from  the  interface.  From  XTEM,  however,  it 
is  difficult  to  assess  microtwin  morphology  because  most 
microtwins  imaged  in  an  XTEM  sample  are  artificially  ter- 
m-nated  by  the  sample  preparation  process.  Lihl  et  al.*  used 
plan-view  TEM  ( PVTEM )  for  determining  microtwin  den¬ 
sity  profiles  in  SOS,  but  oid  not  associate  density  measurc- 
merts  with  microtwin  morphology  It  appears  that  the  aim 
of  most  previous  studies  has  been  to  calculate  a  quantity  that 
resembles  the  number  of  microtwins  per  unit  volume  rather 
than  the  volume  fraction.  Furthermore,  these  previous  stud¬ 
ies  have  not  addressed  microtwin  morphology  in  SOS.  It  is 
our  view  that  the  volume  fraction  of  twinned  material  is  a 
particularly  useful  quantity  for  describing  crystal  perfection 
in  SOS.  The  overall  volume  fraction  of  twinned  silicon  can  be 
easily  measured  by  x-ray  pole  figure  analysis4  and  the  effect 
of  the  volume  fraction  on  crystalline  quality  can  be  profiled 
by  McV  He  ’  ion  dechanneling  effect  measurements.5  The 
twinned  volume  fraction  profile  determined  via  TEM  and 
the  properties  determined  by  these  other  characterization 
techniques  allows  for  a  more  systematic  study  of  the  defects 
in  SOS.  There  are  problems  associated  with  deciding  on  a 


logically  consistent  approach  to  counting  the  number  of 
twins  in  a  given  volume.  This  difficulty  arises  because  a  par¬ 
ticular  twin  might  either  fill  a  small  fraction  of  that  volume 
or  continue  outside  the  boundaries  of  the  given  volume.  On 
the  other  hand,  the  definition  for  the  volume  fraction  of 
twinned  material  is  unambiguous. 

If  one  had  a  geometric  description  of  each  microtwin  in 
the  area  marked  for  microtwin  density  measurement,  the 
differential  microtwin  volume  fraction  could  be  measured.  It 
is  our  aim  to  arrive  at  such  a  geometric  description  by  a 
detailed  study  of  microtwin  morphology  via  dark  field  ( DF' 
TEM.  In  a  highly  strained  material  such  as  SOS,  it  is  easier  to 
analyze  TEM  micrographs  that  have  been  obtained  via  an 
imaging  procedure  that  is  not  overly  sensitive  to  strain. 
From  DF  images  of  PVTEM  samples,  most  of  the  details  of 
microtwin  morphology  can  be  obtained.  In  addition,  stereo¬ 
imaging  of  PVTEM  samples  in  DFhas  been  used  to  provide 
details  of  microtwin  morphology  that  are  not  always  evident 
in  a  two-dimensional  micrograph.6 

EXPERIMENTAL  DETAILS 

Union  Carbide  Corportion  grew  the  sample  material 
analyzed  in  this  study  via  chemical  vapor  deposition.  The 
0.5-ftm  silicon  film  was  grown  at  a  measured  temperature  of 
9 10  *C  at  a  rate  of  2  /rm/min. 

In  order  to  determine  the  volume  fraction  of  twinned 
silicon  on  sapphire  as  a  function  of  distance  from  the  inter¬ 
face,  both  PVTEM  and  XTEM  samples  must  be  prepared. 
The  thinning  procedure  for  the  plan-view  samples  begins 
with  mechanically  dimpling  to  a  thickness  of  30  ft m.  The 
sample  is  then  ion  milled  at  a  20*  angle  from  the  plane  of  the 
sample  with  the  ion  beam  diiected  at  the  sapphire  side  using 
a  voltage  of  6  kV  and  a  current  of  0.5  mA.  During  ion  mill¬ 
ing,  the  silicon  side  of  the  SOS  sample  is  positioned  face 
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23.00 

9.1 

13.8 

14.7 

3.8 

4.6 

2.6 

24.00 

8.3 

13.4 

14.1 

5.4 

4.5 

2.6 

25.00 

8.0 

12.9 

13.6 

4.9 

4.3 

2.7 

26.00 

7.5 

12.5 

13.1 

4.7 

4.2 

2.8 

27.00 

7.3 

12.1 

12.5 

3.1 

4.1 

2.8 

28.00 

6.9 

11.7 

12.1 

4.5 

4.0 

2.9 

29.00 

6.6 

11.3 

11.7 

3.2 

4.0 

3.0 

30.00 

6.5 

11.0 

11.3 

3.2 

3.8 

3.1 

31.00 

6.1 

10.6 

10.9 

3.2 

3.8 

3.1 

32.00 

5.6 

10.3 

10.5 

4.0 

3.7 

3.0 

33.00 

5.4 

9.9 

10.0 

4.0 

3.6 

3.2 

34.00 

5.1 

9.6 

9.7 

4.0 

3.5 

3.3 

35.00 

4.8 

9.3 

9.4 

3.4 

3.4 

3.4 

36.00 

4.9 

9.0 

9.0 

3.4 

3.3 

3.5 

37.00 

4.7 

8.8 

8.7 

3.5 

3.3 

3.6 
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Shipboard  Contamination  Flow  Test 
Mobile,  Alabama 


Trial  No. :  04-NH-09 

Z  Time:  10:10:00 


Date:  27  May  1908 


Mi  ran  Data  v g/L 


Pos  01 
Z  Time  1-37 


39.00 

20.2 

40.00 

19.7 

41.00 

18. 5 

42.00 

18.1 

43.00 

17.7 

44.00 

16.6 

45.00 

16.0 

46.00 

15.6 

47.00 

15.2 

48.00 

14.5 

49.00 

14.2 

50.00 

13.8 

51.00 

13.2 

52.00 

12.7 

53.00 

12.5 

54.00 

11.9 

55.00 

11.7 

56.00 

11.6 

57.00 

11.0 

58.00 

10.9 

59.00 

10.5 

60.00 

10.3 

61.00 

10.1 

62.00 

9.7 

63.00 

9.5 

64.00 

9.3 

65.00 

9.2 

66.00 

8.8 

67.00 

8.7 

68.00 

8.6 

69.00 

8.5 

70.00 

8.4 

71.00 

8.3 

72.00 

8.0 

73.00 

8.1 

74.00 

8.0 

75.00 

7.9 

76.00 

7.6 

77.00 

7.5 

78.00 

7.3 

79.00 

7.2 

80.00 

7.1 

Pos  02  Pos  C  i 
1-40  1-44 


'  25.5 

4.3 

24.5 

4.6 

23.5 

4.4 

22.0 

3.8 

21.6 

3.8 

20.6 

3.4 

19.5 

2.9 

18.7 

3.0 

18.0 

3.1 

17.2 

3.2 

16.6 

2.3 

15.9 

2.4 

15.2 

2.4 

14.6 

1.6 

13.7 

1.6 

13.5 

1.5 

12.8 

1.6 

12.5 

1.3 

12.1 

1.7 

11.5 

1.5 

11.1 

1.2 

10.9 

1.0 

10.4 

0.9 

9.9 

1.0 

9.7 

0.8 

9.4 

1.0 

8.9 

0.7 

8.8 

0.5 

8.3 

0.4 

8.1 

0.6 

7.7 

0.4 

7.5 

0.4 

7.2 

0.3 

7.0 

0.4 

6.9 

0.3 

6.6 

0.4 

6.4 

0.3 

6.1 

0.5 

6.1 

0.3 

6.0 

0.3 

5.6 

0.2 

5.6 

0.4 

5.5 

0.1 

Pos  04  Pos  05 
1-46  01-49 


0.3 

4.j 

0.3 

4.5 

0.3 

4.7 

0.3 

4.5 

0.3 

4.6 

0.3 

4.6 

0.3 

4.6 

0.3 

4.7 

0.2 

4.9 

0.2 

4.8 

0.2 

5.0 

0.2 

5.0 

0.2 

5.0 

0.2 

5.1 

0.2 

5.2 

0.2 

5.2 

0.2 

5.4 

0.3 

5.2 

0.2 

5.5 

0.2 

5.4 

0.2 

5.4 

0.2 

5.6 

0.2 

5.5 

0.3 

5.7 

0.3 

5.8 

0.3 

5.7 

0.3 

5.8 

0.3 

5.8 

0.3 

5.8 

0.3 

6.1 

0.4 

5.9 

0.4 

6.3 

0.5 

6.5 

0.5 

6.2 

0.5 

6.2 

0.5 

6.2 

0.5 

6.4 

0.5 

6.5 

0.6 

6.3 

0.6 

6.5 

0.6 

6.6 

0.7 

6.7 

0.7 

6.8 

Pos  06 
01-51 

1.9 

— 

7.4 

7.2 

7.4 

6.9 

7.6 

6.7 

6.7 

6.5 

6.8 

6.3 

6.1 

6.1 

6.1 

6.0 

5.9 

5.8 

5.6 

5.5 

5.6 

5.4 

5.4 

5.2 

5.2 

5.1 

5.0 

4.9 

4.7 

4.8 

4.6 

4.7 

4.2 

4.6 

4.2 

4.5 

4.2 

4.3 

4.3 

4.2 

3.8 

4.2 

3.6 

4.1 

3.4 

4.0 

3.5 

4  0 

3.7 

3.9 

3.4 

3.8 

3.4 

3.7 

3.1 

3.6 

3.2 

3.5 

3.1 

3.4 

3.1 

3.3 

2.7 

3.3 

2.5 

3.3 

2.8 

3.2 

2.6 

3.2 

2.4 

3.1 

2.5 

3.1 

2.5 

3.0 

2.2 

2.9 

2.2 

2.9 

2.2 

2.8 

2.2 

2.8 

1.9 

2.8 
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Shipboard  Contamination  Flow  Test 
Mobile ,  Alabama 


Trial  No.:  04-NH-09  Date:  27  May  1988 

2  Time:  10:10:00 


Mi  ran  Data  ^j/L 


Z  Time 

Pos  Cl 
1-37 

Pos  02 
1-40 

Pos  03 
1-44 

Pos  04 
1-46 

Pos  05 
01-49 

Pos  06 
01-51 

(PCS  07A 

“5700 

3.0 

“  373 

0.0 

0.0 

'  0.0' 

0.0 

0.0 

-4.00 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

-3.00 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

-2.00 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

-1.00 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.00 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

1.00 

97.0 

101.3 

0.0 

0.0 

0.0 

0.0 

0.0 

2.00 

123.6 

117.0 

2.3 

0.0 

0.0 

2.8 

0.3 

3.00 

123.6 

117.0 

11.4 

0.1 

0.0 

17.4 

5.3 

4.00 

123.6 

117.0 

18.8 

0.8 

0.0 

31.3 

13.1 

5.00 

123.6 

117.0 

28.8 

1.6 

0.0 

36.2 

18.8 

6.00 

123.6 

117.0 

34.3 

2.0 

0.1 

35.8 

22.9 

7.0(1 

123.6 

117.0 

31.6 

2.0 

0.1 

36.2 

24.0 

8.00 

117.7 

117.0 

33.2 

2.0 

0.2 

37.6 

24.6 

9.00 

108.9 

117.0 

33.3 

2.0 

0.2 

34.5 

24.3 

10.00 

99.1 

117.0 

31.8 

2.0 

0.3 

31.7 

23.6 

11.00 

91.1 

113.5 

29.2 

2.0 

0.4 

29.9 

22.8 

12. CO 

82.9 

106.2 

26.3 

1.8 

0.4 

27.4 

21.9 

13.00 

77.3 

98.8 

24.4 

1.7 

0.6 

27.3 

20.8 

14.00 

72.8 

91.5 

23.1 

1.6 

0.5 

25.6 

19.7 

15.00 

66.1 

85.9 

21.1 

1.5 

0.7 

23.8 

18.5 

16.00 

62.2 

80.9 

19.6 

1.4 

0.6 

21.5 

18.0 

17.00 

58.1 

76.0 

17.4 

i.3 

0.6 

20.9 

17.3 

18.00 

54.5 

70.9 

16.6 

1.2 

0.8 

2C.1 

16.4 

19.00 

50.8 

67.4 

15.5 

1.1 

0.8 

19.3 

15.6 

20.00 

48.4 

63.5 

15.8 

1.0 

0.8 

18.0 

15.0 

21.00 

45.5 

59.2 

13.7 

1.0 

0.8 

16.7 

14.3 

22.00 

43.3 

*5.7 

12.  ; 

0.9 

0.7 

16.8 

13.7 

23.00 

41.0 

j.O 

11.8 

0.8 

0.8 

15.5 

13.2 

24.00 

38.0 

50.2 

11.9 

0.8 

1.0 

14.6 

12.5 

25.00 

36.2 

48.0 

.10.5 

0.7 

3.1 

14.3 

12.1 

26.00 

34.6 

45.3 

1?  .5 

0.6 

3.6 

13.0 

11.8 

27.00 

33.0 

42.9 

9.4 

0.7 

3.8 

12.6 

11.1 

28.00 

31.8 

40.7 

9.1 

0.6 

3.8 

12.0 

10.7 

29.00 

30.3 

38.9 

8.5 

0.6 

3.9 

11.1 

10.5 

30.00 

29.3 

36.8 

7.1 

0.6 

4.0 

11.5 

10.0 

31.00 

28.2 

35.3 

6.6 

0.5 

3.9 

10.9 

9.6 

32.00 

26.6 

33.4 

6.3 

0.5 

4.1 

10.6 

9.1 

33.00 

25.5 

32.2 

6.0 

0.4 

4.0 

9.9 

8.8 

34.00 

24.8 

30.6 

6.2 

0.4 

4.2 

9.4 

8.4 

35.00 

23.8 

29.1 

6.3 

0.4 

4.2 

8.6 

8.1 

36.00 

22.7 

28.1 

5.7 

0.3 

4.2 

8.3 

7.9 

37.00 

21.7 

26 . 7 

5.6 

0.3 

4.  1 

8.2 

7.6 
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Shipboard  Contamination  Flow  Test 
Mobile,  Alabama 


Trial  No. : 
Z  Time: 


03-NH-08 

13:26:00 


Date:  26  May  1988 


Mi  ran  Data  ^g/L 


Z  Time 

f Pos  08  ^ 

Pos  09 
1-56 

Pos  10 
01-55 

Pos  12 
02-43 

Pos  13 
02-47 

Pos  14 
02-49 

P°s  15  f§ 

01-51  §| 

-TTTFO 

- 070 

0.0 

- o~ 

o 

- o~ 

0.0 

0.0 

-3.00 

0.0 

0.0 

0.0 

0.0 

0.7 

0.0 

0.1  1 

-2.00 

0.1 

0.0 

0.0 

0.0 

0.5 

0.0 

0.0  8 

-1.00 

0.1 

0.0 

0.0 

0.0 

0.5 

0.1 

0.1 

0.00 

0.1 

0.0 

0.0 

0.0 

0.6 

0.1 

0,2  SI 

1.00 

3.0 

0.8 

1.8 

4.9 

7.9 

19.2 

29.  .  | 

2.00 

7.1 

4.2 

6.3 

7.5 

8.8 

15.5 

20.3  " 

3.00 

7.3 

6.0 

7.5 

1.7 

3.6 

6.o 

10.2 

\  00 

6 . 7 

6.1 

7.0 

0.0 

1.5 

3.3 

8.2  § 

5.00 

S.8 

5.6 

6.0 

0.0 

0.7 

1.6 

7.1  8 

6.00 

5.1 

5.1 

5.1 

0.0 

0.9 

0.7 

1.9 

7.00 

4.2 

4.4 

4.1 

0.0 

1.0 

0.2 

0-8  9 

8.00 

3.3 

3.7 

3.2 

0.0 

0.9 

0.3 

1.4  § 

9.00 

3.0 

3.1 

2.5 

0.0 

0.6 

0.2 

1.1  " 

10.00 

2.6 

2.6 

1.9 

0.0 

0  7 

0.4 

1.1 

11.00 

2.2 

2.2 

1.5 

0.0 

0.7 

0.2 

0-5  1 

12.00 

1.9 

1.8 

1.1 

0.0 

0.7 

0.2 

o.6  m 

13.00 

1.7 

1.5 

0.9 

0.0 

0.9 

0.2 

0.3 

14.00 

1.6 

1.3 

0.6 

0.0 

0.6 

0.1 

0.6  m 

15.00 

1.4 

1.1 

0.3 

0.0 

0.5 

0.0 

2.5  1 

16.00 

1.3 

1.0 

0.1 

0.0 

0.6 

0.1 

1.5  ■ 

17.00 

1.2 

0.8 

0.0 

0.0 

0.6 

0.1 

L5 

18.00 

1.2 

0.8 

0.0 

0.0 

0.7 

0.1 

1.6  1 

19.00 

1.1 

0.8 

0.0 

0.0 

1.0 

0.3 

0.7  8 

20.00 

1.1 

0.8 

0.0 

0.0 

0.9 

0.3 

0.1 

21.00 

1.1 

0.7 

0.0 

0.0 

0.7 

'.2 

0.4  _ 

22.00 

1.1 

0.7 

0.0 

0.0 

0.5 

0.1 

0.1  8 

23.00 

1.0 

0.6 

0.0 

0.0 

0.2 

0.0 

0.0 

24.00 

0.9 

0.6 

0.0 

0.0 

0.3 

0.1 

0.1 

25.00 

0.9 

0.6 

0.0 

0.0 

0.3 

0.0 

0.0  is 

26.00 

1.0 

0.5 

0.0 

0.0 

0.3 

0.0 

0.3  8 

27.00 

1.0 

0.6 

0.0 

0.0 

0.4 

0.0 

0.0 

2.0 . 00 

0.9 

0.5 

0.0 

0.0 

0.5 

0.0 

0.2  m 

29.00 

1.0 

0.6 

0.0 

0.0 

0.7 

0.1 

0-3  | 

i 

ii 

pi 

p 


*3* 


-  i 
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Shipboard  Contamination  Flow  Test 
Mobile,  Alabama 


Trial  No.:  03-NH-08  Date:  26  May  1988 

Z  Time:  13:26:00  ——————— 


Mi  ran  Data  /jg/L 


Z  Time 

Pos  01 
1-37 

Pos  02 
1-40 

Pos  03 
1-44 

Pos  04 
1-46 

Pos  05 
01-49 

Pos  06 
01-51 

/pos  07\ 

vEiy 

0.0 

O'.O 

0.0 

iO 

o.o- 

0.2 

0.0 

-3.00 

0.0 

0.0 

0.0 

0.0 

0.0 

0.3 

0.0 

-2.00 

0.0 

0.0 

0.0 

0.0 

0.0 

0.3 

0.0 

-1.00 

0.0 

0.0 

0.0 

0.0 

0.1 

0.4 

0.0 

0.00 

0.0 

0.0 

0.0 

0.0 

0.1 

0.3 

0.0 

1.00 

0.7 

1.8 

0.0 

3.4 

42.1 

1.5 

1.1 

2.00 

5.3 

6.8 

0.9 

13.7 

37.1 

8.5 

5.1 

3.00 

8.7 

8.7 

5.3 

14.6 

17.5 

12.4 

6.7 

4.00 

8.7 

8.2 

8.5 

10.9 

9.0 

12.5 

6.9 

5.00 

7.9 

7.1 

8.7 

7.7 

5.6 

11.2 

6.5 

6.00 

6.8 

6.0 

7.9 

5.3 

3.3 

9.4 

5.9 

7.00 

5.7 

4.9 

6.8 

.3.4 

2.1 

7.6 

5.1 

3.00 

4.6 

4.0 

5.5 

2.2 

2.2 

6.3 

4.2 

9.00 

3.9 

3.3 

4.3 

1.4 

1.9 

5.4 

3.5 

10.00 

3.2 

2.7 

3.4 

1.0 

2.4 

4.4 

2.9 

11.00 

2.7 

2.3 

2.8 

0.7 

2.0 

3.7 

2.5 

12.00 

2.2 

1.9 

2.2 

0.5 

1.8 

3.2 

2.1 

13.00 

1.9 

1.5 

1.8 

0.3 

1.9 

2.9 

1.8 

14.00 

1.6 

1.2 

1.5 

0.1 

1.6 

2.5 

1.5 

15.00 

1.3 

0.9 

1.2 

0.0 

1.7 

2.2 

1.3 

16.00 

1.0 

0.9 

0.9 

0.0 

1.9 

2.0 

1.1 

17.00 

0.9 

0.6 

0.8 

0.0 

1.9 

1.8 

1.0 

18.00 

0.7 

0.5 

0.6 

0.0 

2.1 

1.7 

0.9 

19.00 

0.7 

0.5 

0.7 

0.0 

2.3 

1.4 

0.8 

20.00 

0.7 

0.4 

0.6 

0.0 

2.3 

1.4 

0.8 

21.00 

0.6 

0.4 

0.6 

0.0 

2.3 

1.3 

0.7 

22.00 

0.5 

0.3 

0.6 

0.0 

2.0 

1.2 

0.6 

23.00 

0.4 

0.2 

0.5 

0.0 

2.1 

1.3 

0.6 

24.00 

0.3 

0.2 

0.5 

0.0 

2.4 

1.3 

0.5 

25.00 

0.3 

0.1 

0.4 

0.0 

2.2 

1.1 

0.5 

26 . 00 

0.2 

0.1 

0.4 

0.0 

2.3 

1.1 

0.5 

27.00 

0.2 

0.1 

0.3 

0.0 

2.6 

1.1 

0.4 

28.00 

0.2 

0.1 

0.3 

0.0 

2.7 

k.Q 

0.4 

29.00 

0.2 

0.0 

0.3 

0.0 

2.9 

1.0 

0.4 
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Shipboard  Contamination  Flow  Test 
Mobile,  Alabama 


Trial  No. : 
Z  Time: 


Z  Tire 


03-NH-07 

11:53:00 


Date:  26  May  1988 


Mi  ran  Data 


( p°? 

08  A 

Pos  09 

Pos  10 

Pos  12 

Pos  13 

Pos  14 

Pos 

is  g 

V1 

-55  J 

1-56 

01-55 

02-43 

02-47 

02-49 

01- 

-5i  g 

— 

- J3 - 

O — 

~ o 

0.0' 

4.1 

73 

39.00 

40.00 

1.9 

1.8 

3.5 

3.5 

1.1 

1.0 

0.0 

0.0 

0.0 

0.0 

4.0 

4.1 

8.2 

12.1 

41.00 

1.9 

3.5 

1.0 

0.0 

0.0 

4.5 

19.6 

42.00 

2.1 

3.7 

1.2 

0.0 

0.0 

4.7 

21.1 

43.00 

2.1 

3.7 

1.2 

0.0 

0.0 

4.4 

10.2 

44.00 

2.1 

3.7 

1.2 

0.0 

0.0 

4.2 

5.9 

45.00 

2.1 

3.7 

1.1 

0.0 

0.0 

4.2 

5.6 

46.00 

47.00 

1.9 

1.9 

3.7 

3.6 

1.0 

1.0 

0.0 

0.0 

0.0 

0.0 

4.1 

4.1 

4.8 

6.2 

48.00 

2.0 

3.7 

0.9 

o.o 

0.0 

4.0 

16.0 

49.00 

1.9 

3.7 

0.8 

0.0 

0.0 

3.9 

11.0 

50.00 

2.0 

3.6 

0.8 

0.0 

0.0 

4.0 

4.5 

51.00 

1.9 

3.7 

0.8 

0.0 

0.0 

4.0 

5.9 

52.00 

2.1 

3.8 

0.7 

0.0 

0.0 

3.9 

5.6 

53.00 

2.1 

3.8 

0.8 

0.0 

0.0 

4 .  Q 

7.6 

54.00 

2.0 

3.8 

0.8 

0.0 

0.0 

4.0 

6.0 

a 

a 

a 

a 


a 


a 


Shipboard  Contamination  Flow  Test 
Mobile,  Alabama 


Trial  No.:  03-NH-07 
2  Time:  11:53:09 


Date:  26  May  1968 


Miran  Data 


Z  Time 

(  Pos  08  \ 

V  1-55  y 

Por  n9 
1-56 

Pos  10 
01-55 

-4.00'  " 

0.2 

0.3 

- 07T 

-3.00 

0.3 

0.4 

0.2 

-2.00 

0.2 

0.5 

0.2 

-1.00 

0.2 

0.5 

0.2 

0.00 

0.2 

0.6 

0.2 

1.00 

0.3 

0 . 6 

0.2 

2.00 

0.3 

0.7 

0.2 

3.00 

3.1 

2.1 

2.0 

4.00 

3.8 

3.8 

4.0 

5.00 

3.5 

4.0 

3.9 

6.00 

3.4 

4.1 

3.7 

7.00 

3.4 

4.2 

3.6 

8.00 

4.2 

4.7 

4.2 

9.00 

3.9 

4.9 

4.2 

10.00 

4.2 

5.1 

4.3 

11.00 

4.2 

5.3 

4.4 

12.00 

4.1 

5.3 

4.3 

13.00 

3.8 

5.2 

4.1 

14.00 

3.6 

5.0 

3.7 

15.00 

3.1 

4.7 

3.3 

16.00 

2.9 

4.4 

2.9 

17.00 

2.7 

4.2 

2.7 

13.00 

2.7 

4.1 

2.6 

19.00 

2.7 

4.1 

2.6 

20.00 

2.6 

4.1 

2.6 

21.00 

2.5 

4.0 

2.3 

22.00 

2.2 

3.8 

2.1 

23.00 

2.2 

3.7 

2.0 

24.00 

2.1 

3.6 

1.8 

25.00 

2.2 

3.6 

1.8 

26.00 

2.0 

3.5 

1.7 

27.00 

2.0 

3.4 

1 .6 

28.00 

1.9 

3.4 

1.5 

29.00 

1.8 

3.3 

1.4 

30.00 

1.7 

3.3 

1.3 

31.00 

1.8 

3.2 

1.3 

32.00 

1.9 

3.3 

1.3 

33.00 

2.0 

3.3 

1.3 

34.00 

2.0 

3.5 

1.3 

35.00 

2.0 

3.3 

1 .  3 

36.  CO 

2.0 

3.3 

i  .  ~ 

37.00 

1.9 

3.5 

1.1 

Pos  12 
02-43 

Pos  13 
02-47 

Pos  14 
02-49 

Pos  15 
01-51 

0.0 

0.7' 

1.9 

2.5 

0.0 

0.5 

1.9 

1.2 

0.0 

0.6 

2.1 

2.3 

0.0 

0.7 

2.3 

3.5 

0.0 

0.8 

2.4 

1.3 

0.0 

0.7 

2.6 

1.2 

0.0 

0.8 

2.9 

47.9 

0.0 

1.2 

20.1 

113.3 

0.0 

1.0 

7.5 

113.3 

0.0 

1.2 

5.0 

113.3 

0.0 

1.3 

6.1 

112.7 

0.0 

1.3 

8.3 

108.9 

0.0 

1.3 

8.6 

98.1 

0.0 

1.4 

6.5 

88.9 

0.0 

1.8 

8.8 

106.4 

0.0 

2.7 

8.1 

75.3 

1.1 

5.9 

7.4 

75.8 

0.6 

4.7 

6.3 

67.3 

1.0 

5.2 

6.0 

57.5 

1.0 

3.9 

5.6 

52.5 

1.3 

3.7 

5.5 

49.4 

0.2 

3.4 

5.5 

50.6 

0.3 

3.6 

5.4 

51.2 

0.0 

1.8 

6.0 

64.4 

0.0 

0.2 

4.9 

113.3 

0.0 

0.1 

4.2 

113.3 

0.0 

0.0 

4.4 

92.4 

0.0 

0.4 

4.6 

50.6 

0.0 

2.3 

4.7 

44.9 

0.2 

2.4 

4.8 

43.9 

0.4 

1.6 

5.0 

44.5 

0.9 

1.6 

5.0 

36.1 

0.7 

1.5 

4.8 

30.6 

0.2 

1.0 

4.6 

29.8 

0.1 

0.3 

4.5 

33.6 

0.1 

0.0 

4.5 

28.5 

0.1 

0.0 

4.5 

23.8 

0.1 

0.1 

4.9 

32.5 

0.0 

0.0 

4.6 

33.8 

0.0 

0.0 

3.9 

38.1 

0.0 

0.0 

3.9 

9 . 8 

0.0 

0.0 

3.9 

7.4 
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Shipboard  Contamination  Flow  Test 
Mobile,  Alabama 


Trial  No.:  03-NH-07 

Z  Time:  11:53:00 


Date:  26  May  1988 


Mi  ran  Data  vq/L 


Pos  01  Pos  02  Pos  03 
Z  Time  1-37  1-40  1-44 


J835 - 

- 53 - 

— o — 

- o- 

39.00 

0.4 

0.0 

0.7 

40.00 

0.4 

0.0 

0.6 

41.00 

0.4 

0.0 

0.6 

42.00 

0.5 

0.0 

0.6 

43.00 

0.6 

0.0 

0.6 

44.00 

0.5 

0.0 

0.7 

45.00 

0.5 

0.0 

0.6 

46.00 

0.4 

0.0 

0.5 

47.00 

0.3 

0.0 

0.5 

48.00 

0.3 

0.0 

0.5 

49.00 

0.3 

0.0 

0.5 

50.00 

0.3 

0.0 

0.4 

51.00 

0.3 

0.0 

0.4 

52.00 

0.3 

0.0 

0.4 

53.00 

0.3 

c.o 

0.5 

54.00 

0.4 

0.0 

0.5 

s  04 

Pos  05 

Pos  06 

(  Pos  07 

1-46 

01-49 

01-51 

l  01-53 

“O- 

4.1 

1.0 

1 . 5 

0.8 

3.9 

1.2 

1.5 

0.8 

3.9 

1.0 

1.4 

0.8 

4.6 

1.1 

1.4 

1.2 

5.0 

1.3 

1.5 

1.1 

4.2 

1.3 

1.5 

1.0 

4.0 

1.2 

1.5 

0.9 

4.0 

1.2 

1.5 

0.8 

4.0 

1.2 

1.4 

0.8 

4.1 

0.9 

1.4 

0.8 

4.2 

0.8 

1.4 

0.7 

4.5 

1.0 

1.4 

0.8 

4.4 

0.9 

1.3 

0.9 

4.6 

0.9 

1.3 

0.9 

4.6 

0.9 

1.3 

0.9 

4.6 

0.9 

1.3 

0.9 

4.9 

1.0 

1.4 

30 
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Shipboard  Contamination  Flow  Test 


Mobile,  Alabama 


Trial  No. :  03-NH-07 

Z  Time:  11:53:00 


Date:  26  May  1988 


Z  Time 

Pos  01 
1-37 

Mi  ran  Data  fjq /L 

Pos  02  Pcs  03  Pos  04 

1-40  1-44  1-46 

Pos  05 
01-49 

Pos  06  / 

01-51  \ 

Pos  07  j 
01-53 J 

— O 

iO 

070 

0.0 

0.1 

0.1 

0.1 

-3.00 

0.0 

0.0 

0.0 

0.0 

0.1 

0.2 

0.2 

-2.00 

0.0 

0.0 

0.0 

0.0 

0.1 

0.2 

0.2 

-1.00 

0.0 

0.0 

0.0 

0.0 

0.1 

0.1 

0.2 

0.00 

0.0 

0.0 

0.0 

0.0 

0.1 

0.2 

0.2 

1.00 

0.0 

0.0 

0.0 

0.0 

0.1 

0.2 

0.2 

2.00 

0.0 

0.0 

0.0 

0.0 

0.3 

0.2 

0.2 

3.00 

0.2 

0.0 

0.0 

3.6 

30.3 

1.0 

1.7 

4.00 

2.3 

0.0 

0.5 

7.8 

9.9 

5.2 

3.6 

5.00 

3.1 

0.0 

2.6 

5.6 

4.8 

6.0 

3.6 

6.00 

2.9 

0.0 

3.1 

4.2 

5.6 

5.5 

3.6 

7.00 

2.8 

0.0 

3.1 

3.8 

8.2 

4.9 

3.6 

8.00 

3.2 

0.0 

3.1 

5.3 

11.4 

5.4 

4.2 

9.00 

3.6 

0.0 

3.3 

4.8 

6.7 

5.6 

4.2 

10.00 

3.6 

0.0 

3.5 

4.8 

9.7 

5.6 

4.3 

11.00 

3.9 

0.0 

3.7 

5.1 

8.7 

6.0 

4.5 

12.00 

4.0 

0.0 

3.9 

4.6 

6.9 

6.1 

4.4 

13.00 

3.8 

0.0 

3.9 

4.0 

5.0 

5.7 

4.2 

14.00 

3.4 

0.0 

3.8 

3.2 

4.0 

5.2 

3.9 

15.00 

3.0 

0.0 

3.3 

2.5 

3.6 

4.4 

3.6 

16.00 

2.7 

0.0 

2.9 

2.1 

3.7 

3.9 

3.3 

17.00 

2.3 

0.0 

2.5 

1.9 

4.0 

3.6 

3.0 

18.00 

2.1 

0.0 

2.1 

1.8 

4.2 

3.3 

2.8 

19.00 

2.0 

0.0 

2.0 

2.1 

5.7 

3.2 

2.8 

20.00 

1.9 

0.0 

1.9 

2.1 

4.6 

3.2 

2.7 

21.00 

1.9 

0.0 

1.9 

1.7 

2.9 

3.1 

2.6 

22.00 

1.5 

0.0 

1.6 

1.3 

3.3 

2.6 

2.3 

23.00 

1.3 

0.0 

1.4 

1.3 

3.4 

2.2 

2.2 

24.00 

1.2 

0.0 

1.3 

1.1 

3.6 

2.1 

2.1 

26.00 

1.1 

0.0 

1.1 

1.1 

3.5 

2.1 

2.0 

26.00 

0.9 

0.0 

1.1 

1.0 

3.3 

2.0 

1.9 

27.00 

0.9 

0.0 

0.9 

1.0 

3.4 

1.7 

1.8 

28.00 

0.7 

0.0 

0.8 

0.9 

3.2 

1.9 

1.7 

29.00 

0.7 

0.0 

0.8 

0.8 

3.0 

1.7 

1.6 

30.00 

0.6 

0.0 

0.7 

0.7 

3.2 

1.3 

1.6 

31.00 

0.5 

0.0 

0.6 

0.7 

3.4 

1.3 

1.5 

32.00 

0.5 

0.0 

0.5 

0.8 

3.8 

1.3 

1.5 

33.00 

0.5 

0.0 

0.5 

0.9 

4.5 

1.5 

1.6 

34.00 

0.6 

0.0 

0.7 

1.1 

4.4 

1.3 

1.6 

35.00 

0.7 

0.0 

0.6 

1.1 

3.5 

L .  o 

1.6 

36.00 

0.6 

0.0 

0.7 

1.0 

3.4 

1.4 

1.5 

37.00 

0.5 

0.0 

0.8 

0.8 

3.6 

1.2 

1.5 
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Shipboard  Contamination  Flow  Test 
Mobile,  Alabama 


Trial  No. :  03-NH-06 

Z  Time:  10:40:00 


Date:  26  May  1988 


Mi  ran  Data  //q/L 


Z  Time 

Pos  09 
1-56 

Pos  10 
01-55 

o 

2.5 

4.3 

.-.00 

0.4 

2.6 

4.4 

40.00 

0.4 

2.6 

4.5 

41.00 

0.3 

2.6 

4.6 

42.00 

0.4 

2.6 

4.6 

43.00 

0.3 

2.7 

4.7 

44.00 

0.4 

2.7 

4.8 

45.00 

0.4 

2.7 

4.8 

46.00 

0.4 

2.7 

4.9 

47.00 

0.3 

2.8 

5.0 

48.00 

0.4 

2.8 

5.0 

49.00 

0.5 

2.8 

5.1 

50.00 

0.4 

2.8 

5.1 

51.00 

0.3 

2.9 

5.2 

52.00 

0.3 

2.9 

5.3 

53.00 

0.3 

2.9 

5.3 

54.00 

0.4 

2.9 

5.4 

55.00 

0.4 

2.9 

5.4 

56.00 

0.4 

2.9 

j.5 

57.00 

0.4 

3.0 

5.5 

58.00 

0.4 

3.0 

5.6 

59.00 

0.4 

3.1 

5.7 

60.00 

0.5 

3.1 

5.8 

Pos  12 
02-43 

Pos  13 
02-47 

Pos  14 
02-49 

Pos  15 
01-51 

6 . 4 

3.0 

6.8 

0.1 

6.4 

3.0 

6.9 

0.1 

6.6 

3.0 

7.3 

0.1 

6.6 

2.9 

7.1 

0.1 

7.3 

3.1 

7.2 

0.2 

7.5 

3.2 

7.6 

0.2 

7.4 

3.3 

7.6 

0.2 

7.3 

3.4 

7.7 

0.2 

7.5 

3.5 

7.9 

0.1 

7.9 

3.7 

8.0 

0.2 

8.2 

3.7 

8.1 

0.2 

8.3 

3.8 

8.2 

0.2 

8.6 

3.9 

8.4 

0.2 

8.8 

4.0 

8.5 

0.2 

8.9 

4.0 

8.6 

0.2 

9.0 

4.1 

8.6 

0.2 

9.0 

4.1 

8.7 

0.2 

9.3 

4.2 

8.9 

0.3 

9.5 

4.4 

9.0 

0.2 

10.0 

4.6 

9.3 

3.3 

10.1 

4.8 

9.5 

0.3 

10.4 

5.2 

9.6 

0.3 

10.8 

5.4 

9.3 

0.3 
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Shipboard  Contamination  Flow  Test 
Mobile,  Alabama 


Trial  No.:  03-NH-06  Date:  26  May  1988 

ZTime^^lOM^OO 

_  Mi  ran  Data  //g/L 

4os  oA  Pos  09  Pos  10  Pos  12  Pos  13  Pos  14  Pos  15 


Z  Time  ' 

1-56 

01-55 

02-43 

02-47 

02-49 

01-51 

B1M| 

~  e.o 

0.0 

1.0 

“  O  " 

1.0 

0.0 

-3.00 

0.0 

0.0 

1.1 

0.0 

0.4 

1.0 

0.0 

-2.00 

0.0 

0.1 

1.2 

0.0 

0.6 

1.2 

0.0 

-1.00 

0.0 

0.1 

1.3 

0.0 

0.6 

1.3 

0.0 

0.00 

0.0 

0.1 

1.3 

0.0 

0.6 

1.4 

0.0 

1.00 

0.0 

0.2 

1.6 

0.0 

0.5 

3.3 

0.0 

2.00 

0.2 

0.6 

2.1 

0.2 

0.4 

4.0 

0.0 

3.00 

0.8 

1.2 

2.8 

0.5 

0.6 

6.9 

0.0 

4.00 

1.1 

1.7 

3.5 

0.0 

0.7 

5.2 

3.6 

5.00 

1.4 

2.2 

3.9 

1.9 

1.0 

5.2 

2.1 

6.00 

1.7 

2.5 

4.3 

5.6 

3.0 

5.1 

1.4 

7.00 

1.6 

2.7 

4.5 

5.6 

2.6 

5.3 

0.8 

8.00 

1.9 

3.0 

4.7 

3.1 

1.2 

5.2 

0.6 

9.00 

1.8 

3.1 

4.8 

2.1 

1.0 

4.9 

0.5 

10.00 

1.8 

3.2 

4.8 

1.1 

1.0 

4.5 

0.5 

11.00 

1.5 

3.1 

4.6 

0.7 

0.9 

3.4 

0.5 

12.00 

1.2 

2.9 

4.3 

0.9 

0.9 

3.9 

0.5 

13.00 

1.1 

2.3 

4.2 

1.4 

1.0 

5.1 

0.3 

14.00 

1.5 

2.9 

4.3 

1.9 

1.0 

5.9 

0.2 

15.00 

1.4 

3.1 

4.4 

1.7 

1.1 

5.6 

0.2 

16.00 

1.6 

3.2 

4.6 

1.7 

1.2 

5.6 

0.2 

17.01 

1.3 

3.1 

4.6 

2.2 

1.2 

4.2 

0.3 

18.00 

1.1 

2.9 

4.3 

2.5 

1.2 

4.0 

0.3 

19.00 

1.0 

2.7 

4.1 

4.3 

1.3 

4.2 

0.3 

20.00 

0.9 

2.7 

4.0 

5.3 

1.4 

5.6 

0.2 

21.00 

1.0 

2.8 

4.1 

4.3 

1.4 

6.0 

0.2 

22.00 

1.1 

2.9 

4.3 

3.4 

1.4 

5.9 

0.2 

23.00 

1.0 

2.9 

4.3 

3.0 

1.6 

5.3 

0.1 

24.00 

1.0 

2.9 

4.3 

3.3 

1.7 

5.1 

0.2 

25.00 

0.8 

2.8 

4.1 

3.5 

1.7 

4.9 

0.2 

26.00 

0.6 

2.7 

4.0 

3.9 

1.8 

5.1 

0.2 

27.00 

0.6 

2.6 

4.0 

4.1 

1.9 

5.5 

0.2 

28.00 

0.6 

2.6 

4.0 

4.9 

2.0 

5.4 

0.2 

29.00 

0.5 

2.5 

4.0 

7.2 

2.1 

5.6 

0.2 

30.00 

0.4 

2.6 

4.0 

7.1 

2.2 

5.7 

0.2 

31.00 

0.4 

2.5 

4.0 

5.5 

2.4 

6.1 

0.2 

32.00 

0.5 

2.6 

4.1 

6.1 

2.5 

6.3 

0.1 

33.00 

0.5 

2.6 

4.2 

7.8 

2.5 

6.2 

0.2 

34.00 

0.5 

2.6 

4.2 

6.0 

2.6 

6.2 

0.2 

35.00 

0.4 

2.6 

4.2 

5.8 

2.7 

6.4 

0.2 

36.00 

0.4 

2.6 

4.3 

6.1 

2.8 

6.5 

0.1 

37.00 

0.4 

2.6 

4.3 

6.1 

2.8 

6.6 

0.1 
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Shipboard  Contamination  Flow  Test 
Mobile,  Alabama 


Trial  No.:  03-NH-06 
Z  Time:  10:40:00 


Mi  ran  Data  */g/L 


Z  Time 

Pos  01 
1-37 

Pos  02 
1-40 

Pos  03 
1-44 

Pos  04 
1-46 

Pos  05 
01-49 

Pos  06 
01-51 

■rtiWtHM; 

1.1 

0.3 

0.6 

0.7 

2.9 

0.5 

39.00 

1.1 

0.5 

0.6 

0.7 

3.0 

0.4 

40.00 

1.0 

0.4 

0.6 

0.8 

3.3 

0.5 

41.00 

1.1 

0.4 

0.5 

0.8 

3.0 

0.4 

42.00 

1.0 

0.4 

0.6 

0.8 

3.1 

0.5 

43.00 

1.0 

0.4 

0.5 

0.8 

3.5 

0.4 

44.00 

1.0 

0.4 

0.5 

0.9 

3.4 

0.5 

45.00 

1.0 

0.4 

0.5 

0.8 

3.4 

0.5 

46.00 

1.0 

C.4 

0.5 

0.8 

3.5 

0.5 

47.00 

]  .0 

0.3 

0.5 

0.9 

3.5 

0.4 

48.00 

1.0 

0.3 

0.4 

0.8 

3.5 

0.3 

49.00 

1.0 

0.3 

0.4 

0.9 

3.5 

0.4 

50.00 

0.9 

0.3 

0.4 

0.9 

3.6 

0.4 

51.00 

0.9 

0.3 

0.5 

0.9 

3.6 

0.4 

52.00 

0.9 

0.3 

0.5 

0.9 

3.7 

0.5 

53.00 

1.0 

0.3 

0.4 

0.9 

3.5 

0.3 

54.00 

0.9 

0.3 

0.4 

0.8 

3.6 

0.3 

55.00 

0.9 

0.2 

0.5 

0.8 

3.6 

0.4 

56.00 

0.9 

0.2 

0.4 

0.8 

3.8 

0.2 

57.00 

0.8 

0.2 

0.4 

0.9 

4.0 

0.3 

58.00 

0.9 

0.2 

0.4 

1.0 

4.3 

0.3 

59.00 

0.9 

0.3 

0.4 

1.0 

4.2 

0.4 

60.00 

0.9 

0.2 

0.3 

1.0 

4.3 

0.4 
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Shipboard  Contamination  Flow  Test 
Mobile,  Alabama 


Trial  No.:  03-NH-06 
Z  Time:  10:40:00 


Date:  26  May  1988 


Mi  ran  Data 


Z  Time 

Pos  01 
1-37 

Pos  02 
1-40 

Pos  03 
1-44 

0.0 

o~ 

or- 

-3.00 

0.0 

0.0 

0.0 

-2.00 

0.0 

0.0 

0.0 

-1.00 

0.0 

0.0 

0.0 

0.00 

0.0 

0.0 

0.0 

1.00 

0.0 

0.1 

0.0 

2.00 

0.2 

0.3 

0.0 

3.00 

0.8 

1.0 

0.0 

4.00 

1.7 

1.5 

0.3 

5.00 

2.2 

2.0 

0.9 

6.00 

2.5 

2.2 

1.2 

7.00 

2.8 

2.4 

1.6 

8.00 

3.0 

2.6 

1.8 

9.00 

3.1 

2.8 

2.0 

10.00 

3.2 

2.6 

2.2 

11.00 

3.0 

2.3 

2.2 

12.00 

2.6 

2.0 

2.0 

13.00 

2.4 

1.9 

1.6 

14.00 

2.5 

2.0 

1.6 

15.00 

2.6 

2.2 

1.6 

16.00 

2.8 

2.3 

1.7 

17.00 

2.7 

2.1 

1.9 

18.00 

2.5 

1.8 

1.8 

19.00 

2.2 

1.5 

1.6 

20.00 

1.9 

1.4 

1.3 

21.00 

2.0 

1.6 

1.2 

22.00 

2.3 

1.7 

1.2 

23.00 

2.2 

1.7 

1.3 

24.00 

2.2 

1.5 

1.3 

25.00 

2.0 

1.3 

1.4 

26.00 

1.7 

1.1 

1.2 

27.00 

1.6 

1.1 

1.0 

28.00 

1.5 

0.9 

0.9 

29.00 

1.4 

0.8 

0.8 

30.00 

1.3 

0.7 

0.8 

31.00 

1.3 

0.7 

0.7 

32.00 

1.3 

0.8 

0.6 

33.00 

1.4 

0.8 

0.6 

34.00 

1.3 

0.7 

0.7 

35.00 

1.2 

0.6 

0.7 

36.00 

1.2 

0.6 

0.6 

37.00 

1.1 

0.5 

0.6 

uq/L 


Pos  04 
1-46 

Pos  05 
01-49 

Pos  06 
01-51 

0.0 

576 

0.1 

OTO 

0.0 

0.4 

0.0 

0.0 

0.0 

0.7 

0.1 

0.0 

0.0 

0.7 

0.2 

0.0 

0.0 

0.6 

0.1 

0.0 

0.2 

3.5 

0.1 

0.1 

1.0 

5.4 

0.4 

0.5 

2.5 

10.4 

1.0 

1.2 

3.3 

7.2 

2.3 

1.8 

3.5 

7.3 

2.7 

2.2 

3.5 

7.1 

3.2 

2.5 

3.4 

7.2 

3.4 

2.7 

3.5 

7.0 

3.5 

2.8 

3.5 

6.0 

3.6 

3.0 

3.1 

4.9 

3.5 

2.9 

2.4 

2.7 

2.9 

2.6 

1.8 

2.9 

2.6 

2.3 

1.8 

4.7 

2.4 

2.1 

2.4 

6.6 

2.3 

2.3 

2.6 

5.6 

2.7 

2.4 

2.8 

5.9 

2.8 

2.5 

2.3 

3.0 

2.9 

2.3 

1.7 

2.3 

2.4 

2.1 

1.3 

2.2 

2.1 

1.8 

1.3 

4.8 

1.6 

1.7 

1.8 

5.1 

1.8 

1.8 

2.0 

4.8 

2.1 

1.9 

1.8 

3.7 

2.1 

1.8 

1.6 

3.1 

1.9 

1.8 

1.3 

2.4 

1.7 

1.6 

1.0 

2.4 

1.2 

1.4 

1.0 

2.9 

1.0 

1.3 

0.9 

2.6 

1.0 

1.2 

0.8 

2.5 

0.9 

1.2 

0.8 

2.6 

0.8 

1.1 

0.8 

3.3 

0.7 

1.1 

1.0 

3.3 

0.7 

1.1 

1.0 

2.9 

0.9 

1.0 

0.9 

2.7 

0.7 

1.0 

0.8 

2.8 

0.7 

0.9 

0.8 

2.9 

0.6 

0.9 

0.7 

2.6 

0.5 

0.9 
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Shipboard  Contamination  flow  Test 
Mobile,  Alabama 


Trial  No.:  02-NH-05 
Z  Time:  13:00:00 


Date:  25  May  1988 


Pos  11 
02-34 


Pos  12 
02-43 


-3.00 

0.0 

0.0 

0.1 

0.0 

0.0 

0.0 

0.0 

-2.00 

0.0 

0.0 

0.0 

0.0 

0.1 

0.0 

0.0 

-1.00 

0.1 

0.0 

0.0 

0.0 

0.1 

0.0 

0.0 

0.00 

0.0 

0.0 

0.0 

0.0 

0.1 

0.0 

0.0 

1.00 

0.8 

2.2 

4.9 

3.2 

2.3 

0.0 

0.0 

2.00 

12.6 

7.8 

8.3 

7.7 

9.8 

0.0 

0.0 

3.00 

12.8 

8.0 

7.2 

7.4 

9.1 

0.0 

0.0 

4.00 

11.8 

8.0 

6.7 

7.2 

8.4 

0.0 

0.0 

5.00 

10.9 

7.8 

6.3 

6.9 

8.1 

0.0 

0.0 

6.00 

9.4 

7.0 

5.1 

6.1 

7.0 

0.0 

0.0 

7.00 

7.4 

5.9 

4.2 

5.1 

5.8 

0.0 

0.0 

8.00 

6.0 

5.2 

3.7 

4.4 

5.1 

0.0 

0.0 

9.00 

5.2 

4.5 

3.1 

3.8 

4.4 

0.0 

0.0 

10.00 

4.3 

3.3 

2.6 

3.1 

3.8 

0.0 

0.0 

11.00 

3.6 

3.2 

2.3 

2.6 

3.3 

0.0 

0.0 

12.00 

2.8 

2.8 

1.9 

2.2 

2.8 

0.0 

0.0 

13.00 

2.3 

2.4 

1.5 

1.9 

2.5 

0.0 

0.0 

14.00 

2.0 

2.1 

1.4 

1.7 

2.2 

0.0 

0.0 

15.00 

1.8 

1.9 

1.3 

1.4 

1.7 

0.0 

0.0 

16.00 

1.6 

1.7 

1.1 

1.3 

1.6 

0.0 

0.0 

17.00 

1.3 

1.5 

0.9 

1.1 

1.6 

0.0 

0.0 

18.00 

1.1 

1.4 

0.9 

1.0 

1.6 

0.0 

0.0 

19.00 

0.9 

1.3 

0.8 

0.9 

1.4 

0.0 

0.2 

20.00 

0.9 

1.2 

0.7 

0.8 

1.2 

0.0 

0.0 

21.00 

0.7 

1.1 

0.8 

0.7 

1.1 

0.0 

0.0 

22.00 

0.7 

1.1 

0.6 

0.7 

1.0 

0.0 

0.0 

23.00 

0.5 

1.0 

0.7 

0.6 

0.7 

0.0 

0.0 

24.00 

0.4 

0.9 

0.7 

0.6 

0.9 

0.0 

0.0 

25.00 

0.4 

0.9 

0.6 

0.5 

0.7 

0.0 

0.0 

26.00 

0.5 

0.8 

0.7 

0.5 

0.6 

0.0 

0.0 

27.00 

0.3 

0.8 

0.6 

0.5 

0.6 

0.0 

0.0 

28.00 

0.4 

0.8 

0.7 

0.5 

0.4 

0.0 

0.0 

29.00 

0.4 

0.8 

0.5 

0.4 

0.4 

0.0 

1.3 

30.00 

0.3 

0.8 

0.7 

0.5 

0.3 

0.0 

1.0 

24 


Shipboard  Contamination  Flow  Test 
Mobile,  Alabama 


Trial  No.:  02-NH-04  Date:  25  May  1988 


JU.UU  J.  .  J  U.U  X  .  V  JL  •  -L  „  J 

39.00  1.0  1.3  0.8  1.5  1.6  1.4 
40.00  1.0  1.2  0.8  1.5  1.6  1.7 
41.00  1.1  1.2  0.8  1.5  1.6  1.9 
42.00  0.9  1.2  0.8  1.5  1.6  1.8 
43.00  0.9  1.2  0.8  1.5  1.7  1.9 
44.00  0.8  1.2  0.9  1.5  1.6  1.7 
45.00  O.fl  1.2  0.8  1.5  1.7  1.9 
46.00  0.8  1.2  0.9  1.5  1.7  2.0 
47.00  0.9  1.2  0.8  1.5  1.7  1.9 
48.00  0.9  1.1  0.9  1.5  1.7  2.0 
49.00  0.7  1.2  0.9  1.5  1.7  1.9 
50.00  0.8  1.1  0.9  1.5  1.6  1.9 


Pos  12 
02-43 


4.  •  4L. 
2.2 
2.3 
2.8 
2.6 
2.6 
2.5 
2.5 
2.8 
2.8 
2.8 
2.9 
2.9 
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Chipboard  Contamination  Flow  Test 
Mobile,  Alabama 


Trial  No.:  02-NH-04 
Z  Time:  11:40:00 


Date:  25  May  1988 


Mi  ran  Data  ug/L 


Pos  06 


Z  Time 

1-51 

IQJHiTiSS 

- 07 I 

-3.00 

0.1 

-2.00 

0.2 

-1.00 

0.2 

0.00 

0.2 

1.00 

1.1 

2.00 

12.6 

3.00 

20.3 

4.00 

20.9 

5.00 

19.5 

6.00 

17.8 

7.00 

15.8 

8.00 

13.5 

9.00 

12.0 

10.00 

11.0 

11.00 

9.6 

12.00 

8.3 

13.00 

7.3 

14.00 

6.3 

15.00 

5.6 

16.00 

4.9 

17.00 

4.5 

18.00 

4.0 

19.00 

3.5 

20.00 

3.3 

21.00 

3.2 

22.00 

2.7 

23.00 

2.4 

24.00 

2.5 

25.00 

2.1 

26.00 

2.1 

27.00 

2.1 

28.00 

1.8 

29.00 

1.8 

30.00 

1.7 

31.00 

1.8 

32.00 

1.7 

33.00 

1.3 

34.00 

1.4 

35.00 

1.2 

36.00 

0.9 

37.00 

1.1 

0.1 

0.0 

0.1 

0.0 

0.1 

0.0 

0.1 

0.0 

2.3 

4.G 

10.1 

12.6 

13.3 

12.7 

14.3 

12.5 

13.9 

11.6 

13.2 

10.7 

11.9 

9.0 

10.7 

8.3 

9.7 

7.4 

8.8 

6.7 

7.7 

5.7 

6.8 

4.9 

6.0 

4.2 

5.3 

3.7 

4.7 

3.2 

4.2 

2.9 

3.8 

2.6 

3.4 

2.3 

3.1 

2.1 

2.9 

1.9 

2.7 

1.7 

2.5 

1.6 

2.3 

1.4 

2.2 

1.5 

2.1 

1.4 

2.0 

1.3 

1.9 

1.2 

1.9 

1.2 

1.8 

1.1 

1.7 

1.1 

1.7 

1.2 

1.7 

1.1 

1.5 

1.0 

1.5 

1.0 

1.4 

1.0 

1.4 

0.8 

1.3 

0.9 

Pos  09 
1-56 

Pos  10 
01-55 

O 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

2.5 

2.1 

9.9 

11.4 

12.1 

14.3 

12.8 

14.8 

12.6 

13.8 

12.3 

13.1 

11.1 

11.5 

10.1 

10.1 

9.3 

9.2 

8.5 

8.4 

7.5 

7.4 

6.7 

6.5 

5.9 

5.7 

5.3 

5.0 

4.8 

4.4 

4.3 

4.0 

3.9 

3,6 

3.5 

3.3 

3.3 

3.0 

3.1 

2.8 

2.8 

2.6 

2.6 

2.4 

2.5 

2.2 

2.4 

2.1 

2.3 

2.0 

2.2 

2.0 

2.1 

1.9 

2.1 

1.8 

2.0 

1.7 

2.0 

1.7 

1.9 

1.7 

1.9 

1.7 

1.8 

1.7 

1.7 

1.7 

1.7 

1.7 

1.7 

1.6 

1.6 

1.6 

Pos  11  Pos  12 
02-34  02-43 


0.2 

0.6 

0.4 

G.9 

0.2 

0.8 

0.2 

0.8 

0.3 

1.1 

0.4 

1.3 

0.5 

1.5 

0.4 

1.5 

0.4 

1.2 

0.7 

1.4 

0.6 

1.4 

0.7 

1.6 

0.8 

1.8 

0.8 

1.8 

0.9 

1.9 

1.1 

2.1 

1.1 

2.1 

1.0 

1.9 

1.0 

i  -9 

1.2 

2.1 

1.2 

2.2 

1.2 

2.3 

1.2 

2.4 

1.0 

2.3 

1.1 

2.4 

1.2 

2.4 

1.3 

2.7 

1.6 

2.8 

1.6 

2.9 

1.8 

2.8 

1.9 

2.7 

2.0 

2.8 

1.7 

2.6 

1.4 

2.5 

1.4 

2.3 

1.5 

2.3 

1.6 

2.4 

1.7 

2.4 

1.5 

2.3 

1.5 

2.2 

1.4 

2.1 
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a  a 


response  to  the  simulant  vapor.  It  is  not  surprising,  then, 
that  some  of  the  coatings  gave  little  or  no  response  to  DEM 
during  these  tests.  By  the  selection  of  coatings  with 
adequate  sensitivity  to  the  vapor(s)  of  interest,  the  array 
response  can  be  maximized. 

3.  No  i  se/dr i f t  reduction.  As  noted  in  the  discussion, 

significant  drift  in  the  frequency  baseline  will  present 
problems  in  the  accurate  determination  of  frequency  responses. 
The  use  o.  temperature  controlled  devices  will  minimize  this 
drift.  As  environmental  conditions  change  during  the  day,  the 
sensor  baseline  can  be  re-zeroed  to  compensate  for  drift 
arising  from  changes  in  the  ambient  conditions. 

The  use  of  a  SAW  device  configuration  with  lower  noise, 
such  as  the  resonator,  will  serve  to  reduce  the  detection 
limit  of  each  sensor  and  the  array  as  a  whole. 

SUMMARY 

The  SAW  device  has  been  demonstrated  as  a  reliable  sensor 
technology  suitable  for  detection  of  vapor  phase  chemicals  in  field 
and  shipboard  applications.  Performance  or  the  4-SAW  array  during 
field  tests  closely  matched  the  performance  under  laboratory 
conditions.  Comparison  of  SAW  performance  with  the  MIRANs 
indicates  that  the  SAW  is  a  viable  alternative  sensor  technology 
for  this  type  of  environmental  monitoring.  The  4-SAW  array  has  the 
potential  for  detection  and  identification  of  target  vapors  at  low 
concentration.  Although  the  absolute  detection  limit  of  the  4-SAW 
array  was  slightly  higher  than  that  of  the  MIRANs,  the  detection 
limit  could  bo  further  improved  by  implementing  some  or  all  of  the 
recommendations  listed  in  this  report.  The  advantages  of  the  SAW 
technology  include: 

-  rapid,  sensitive  response 

-  ruggedness,  reliable  performance 

-  small  3ize,  portability 

-  low  cost 

-  versatility  (detection  capabilities  can  be 
customized  for  a  given  application  by  the  selection 
of  appropriate  coatings). 
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RECOMMENDATIONS 


The  SAW  sensors  used  in  this  study  performed  well  ,  and  the 
observed  responses  were  in  keeping  with  expectations  based  on  lab 
results.  The  devices  did  not  appear  to  be  adversely  affected  by 
environmental  conditions  encountered  during  thes  shipboard  tests. 
Based  on  the  results  presented  here,  the  following  recommendations 
are  offered  to  enhance  the  performance  of  the  SAW  array  in  the 
field . 

1.  Continuous  monitoring  vs.  purae/sample  methods.  Under  the 
current  configuration,  a  baseline  response  to  a  purged  air 
stream  is  subtracted  from  the  ambient  response.  This  requires 
the  use  of  a  trap,  a  programmed  purge/sample  cycle,  and  a  data 
reduction  algorithm  to  calculate  frequency  differences. 
Previous  discussions  have  indicated  the  problems  inherent  in 
this  approach,  specifically  the  effects  of  vapor  breakthrouqh 
from  the  charcoal  trap  and  errors  arising  from  the  data 
reduction  algorithm.  In  addition,  use  of  the  purge/sample 
cycle  configuration  significantly  reduces  the  time  resolution 
that  can  be  realized,  with  only  1  data  point  acquired  every 
2-4  minutes. 

By  employing  a  continuous  monitoring  configuration,  the 
frequency  can  be  recorded  every  2  seconds,  siqnif icantly 
improving  the  time  resolution.  This  configuration  also 
eliminates  the  need  for  a  charcoal  trap,  a  purge/sample  cycle, 
and  the  problems  inherent  in  their  use.  When  used  as  an 
environmental  monitor,  the  sensitivity  and  selectivity  of  the 
SAW  response  will  be  determined  by  the  coatings,  but  some 
response  to  interferences  would  be  expected.  Since  most 
interferences  (such  as  water  vapor,  exhaust  fumes,  etc.)  are 
present  in  small  or  relatively  constant  concentrations,  the 
response  to  these  vapors  will  change  very  little  over  time. 
The  introduction  of  a  challenge  vapor  will  appear  as  a 
frequency  shift  superimposed  on  the  normal  ambient  background. 

In  addition,  continuous  monitoring  will  simplify  the 
detection  algorithm.  Under  the  current  purge/sample 

configuration,  the  response  pattern  for  the  4  SAW  array  would 
be  compared  to  response  patterns  representing  various  vapors 
stored  in  a  library.  In  a  shipboard  environment,  this 
response  pattern  would  represent  the  array  response  to  all 
vapors  present,  making  definitive  identification  of  a  target 
vapor  more  difficult.  In  the  continuous  mode,  those 
interferences  which  are  normally  present  would  become  part  of 
the  ambient  background  response  or  baseline.  The  introduction 
of  a  target  vapor  would  result  in  an  array  response  pattern 
that  more  closely  matcher,  the  library  response  pattern.  By 
eliminating  the  need  for  multicomponent  interference 
corrections,  the  pattern  recogn i t ion/detect i on  algorithm  can 
be  greatly  simplified  and  made  more  reliable. 

2.  option  of  coatin'!",.  For  the  purposes  of  these  tests,  4 

coated  sensors  were  selected  based  on  past  performance  and 
availablity.  Mo  attempt  was  made  to  maximize  tho  array 


FIGURE  19.  Comparison  of  FPOL  response  sensitivities  for  field 

data  and  lab  data.  Sampling  cycle  times,  for 
individual  curves  are  in  parentheses. 

between  the  two  sets  of  data.  The  relative  errors  associated  with 
data  from  the  field  tests  have  been  discussed  previously. 

The  sensitivity  of  the  FPOL  sensor  decreased  to  46.3  Hz/^g/L 
in  the  lab  when  a  2  minute  cycle  was  used.  In  the  field, 
sensitivities  of  39.7  Hz/ug/L  (day  2)  and  37.3  Hz/ug/L  (day  3)  were 
observed,  which  also  indicates  good  agreement  with  the  lab  data. 
Even  though  the  total  responses  decreased  on  day  3,  probably  as  a 
result  of  saturation  and  breakthrough  of  the  charcoal  traps,  the 
sensitivity  of  the  device  did  not  change  significantly. 

These  results  indicate  that  the  performance  during  the  field 
tests  compares  well  with  the  observed  response  performance  in  the 
laboratory.  There  is  a  significant  decrease  in  calculated 
frequency  shifts  when  the  2  minute  cycla  is  used.  It  is  possible 
that,  even  though  steady  sensor  responses  are  achievable  in  1 
minute  or  less,  idiosyncracies  in  the  data  reduction  algorithm 
result  in  lower  calculated  responses.  This  would  bo  the  case  if 
the  algorithm  takes  a  1  minute  average  to  determine  the  peak 
maximum  frequency  and  baseline  frequency  to  calculate  a  frequency 
difference.  Even  though  sensor  responses  stabilized  in  less  than 
1  minute,  a  longer  cycle  would  be  needed  to  obtain  a  representative 
average  for  the  peak  maximum  and  the  baseline  frequency. 

Field  results  also  indicate  that  charcoal  traps  would  require 
continuous  maintenance  if  this  array  configuration  is  to  provide 
reliable  data.  Under  conditions  of  high  humidity  or  continuous 
vapor  challenges,  the  traps  could  saturate  in  a  relatively  short 
period  of  time.  The  use  of  larger  volume  traps  would  ctrech  the 
usable  time  frame,  but  may  significantly  affect  the  amount  of  air 
flow  which  could  be  sent  to  the  sensor. 
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TABLE  III.  SENSOR/ ARRAY  SENSITIVITY  AND  DETECTION  LIMITS 


SAW  Coating 

Sensitivity* 

(Hz/Mg/L) 

Detection  Limitb 
(Mg/L) 

LAB  STUDIES: 

FPOL 

(2  min.) 

46.3 

1.1 

( 6  min . ) 

71.2 

0.7 

TENAX 

(2  min.) 

7.5 

6.7 

(6  min.) 

14.0 

3 . 6 

ECEL 

( 2  min . ) 

16.5 

3.0 

( 6  min. ) 

26.9 

1.9 

PIB 

( 2  min. ) 

0.75 

67 

( 6  min . ) 

1.3 

38 

E 

( 2  min . ) 

70.0 

2.9 

(6  min. )  (<10 

Mg/L) 

77.8 

2.6 

(MO 

ng/L) 

120.3 

—  — 

FIELD 

TESTS : 

FPOL 

(tests  #1/2  - 

4  min . ) 

142/83* 

(day 

1) 

(tests  #4/5  - 

2  min.) 

39.7 

(day 

2) 

— 

(test  #6-2  min.  ) 

37.3 

(day 

3) 

""" 

'Assumes  an  average  noise  level  of  25  Hz  for  individual  coated  SAW 
devices,  and  100  Hz  for  Z. 

bAssunes  a  signal  to  noise  ratio  (S/S)  of  2. 

'Calculated  sensitivities  from  the  slopes  of  curves  a  and  b  in 
Figure  11.  Slope  for  curve  b  assumes  a  zero  x-intercept. 


DISCUSSION 

The  FPOL  sensor  sensitivities  for  the  field  tests  are 
summarized  in  Table  III.  These  calibration  curves  are  compared 
with  calibration  curves  for  lab  tests,  using  a  2  minute  and  a  6 
minute  cycle,  in  Figure  19.  It  can  be  seen  that  while  the  results 
for  test  1  are  significantly  higher,  the  responses  for  test  2 
(signified  by  •  in  Figure  19)  are  in  line  with  the  lab  results 
using  the  6  minute  cycle.  The  sensitivity  of  the  FPOL  sensor  was 
83  Hz/^g/L  for  field  test  2  (4  min.  cycle)  and  71.2  Hz/ug/L  for  the 
lab  test  (6  min.  cycle).  Considering  the  differences  in  ambient 
conditions  between  the  field'  tests  and  lab  studies,  such  as 
temperature  and  relative  humidity,  there  is  very  good  agreement 


In  ell  cases,  the  frequency  shifts  determined  for  the  2  minute 
cycle  were  25-50%  lower  than  frequency  shifts  determined  for  the 
6  minute  cycle.  It  also  appears  that  the  sensiti%'ity  decreased 
when  the  cycle  was  increased  to  8  minutes  for  the  FPOL  sensor.  For 
the  other  sensors,  however,  the  data  in  Table  II  indicate 
reasonably  good  agreement  between  the  6  and  8  minute  cycles.  The 
discrepancies  noted  for  the  FPOL  sensor  may  be  the  result  of  large 
errors  associated  with  some  of  the  calculated  shiiis,  a.id  errors 
resulting  from  insufficient  time  resolution  for  the  3  minute  cycle. 

The  relative  sensitivities  of  the  sensors  is  displayed  in 
Figure  18.  FPOL  exhibited  the  highest  sensitivity  to  DEM,  followed 
by  ECEL  and  TENAX.  The  sensitivities  of  the  individual  sensors, 
calculated  as  the  slopes  of  the  calibration  curves,  are  qiven  in 
Table  III  along  with  estimated  detection  limits  for  the  2  and  6 
minute  cycles.  It  should  be  noted  that  the  FPOL  response  dominates 
the  cumulative  array  (SUM  or  Z)  response  at  low  DEM  concentrations. 
For  this  reason,  the  slopes  of  the  response  curves  for  FPOL  and  £ 
are  comparable  below  10  nq/L,  being  71.2  Hz/jig/L  and  77.8  Hz/^g/L 
respectively.  Above  10  nq/L,  the  cumulative  response  curve 
increased  dramatically  to  120  Hz/Mg/L  due  to  increased  responses 
from  the  other  sensors,  including  PIB  at  25.7  uq/L. 

For  all  the  sensors  in  the  array  the  calibration  curves  had 
zero  x-intercepts ,  indicating  that  vapor  breakthrough  of  the 
charcoal  traps  did  not  occur  during  the  lab  tests.  Thus,  the 
calculated  sensitivities  for  these  sensors  from  the  lab  tests  can 
be  used  to  gauge  the  performance  of  the  array  in  the  field. 


FIGURE  18.  Comparison  of  sensor  sensitivities  to  DEM  from  lab 

results . 
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curves  were  too  noisy  to  allow  accurate  assessments  of  frequency 
shifts.  In  other  cases,  usually  for  the  8  minute  cycle,  there  was 
insufficient  resolution  to  calculate  an  accurate  shift.  This 
problem  was  exascerbated  for  the  8  minute  cycle  because  of  the 
running  smooth  performed  during  data  reduction,  since  only  3  points 
(at  mst)  were  available  for  each  25  minute  vapor  exposure.  For 
the  PIB  coated  devices,  frequency  responses  were  negligible  for  all 
DFM  concentrations  below  25.7  pg/L,  so  there  are  no  entries  in  the 
table  for  this  sensor,  and  no  calibration  curve  among  the  figures. 
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FIGURE  17.  Calibration  curves  for  sensor  array  from  lab  studies 

-  a)  FPOL,  b)  TENAX,  c)  ECEL,  d)  SUM.  Sampling 
cycle  times  for  each  curve  are  in  parentheses. 
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6-min.,  and  an  8-min.  cycle.  By  varying  the  cycling  time,  the 
effect  of  cycle  time  on  calculated  responses  could  be  determined. 

At  the  beginning  of  each  day  of  testing,  charcoal  traps  were 
replaced  with  charcoal  and  mol.  sieve  which  had  been  regenerated 
in  an  oven  at  180  0  C  for  24  hr.  Thus,  problems  associated  with 
trap  saturation  and  subsequent  vapor  breakthrough  were  avoided. 

B.  Results 


Typical  frequency  response  curves  are  seen  in  Figures  14-16. 
These  curves  represent  the  responses  of  the  FPOL  sensor  to  2.44 
Mg/L  and  25.7  /jg/L  for  the  2  min.,  6  min.,  and  8  min.  cycles 
respectively.  The  curves  plotted  on  these  Figures  represent  a 
running  smooth,  where  the  line  represents  a  boxcar  average  of  the 
actual  plotted  data  points.  These  curves  were  analyzed,  and 
frequency  shifts  were  calculated  for  each  of  the  sensors  in  the 
array.  The  frequency  shifts  calculated  for  the  2,  6,  and  8  minute 
cycles  are  tabulated  in  Table  II.  Calibration  curves  for  these 

TABLE  II.  LAB  TEST  RESULTS:  SAW  ARRAY  RESPONSES 


Array  Channel* 

[DEM]  Cycle  FPOL  TENAX  ECEL  £ 


(M9/L) 

(min. ) 

(255 

kHz) 

( 

kHz) 

( 

kHz) 

1.03 

2 

60 

+ 

16 

19 

+ 

2 

20 

+ 

_ 

90 

+ 

2 

6 

106 

12 

33 

+ 

- 

62 

± 

2 

150 

± 

25 

8 

—  —  —  - 

— 

— 

35 

+ 

5 

51 

+ 

— 

—  “  —  - 

2.44 

2 

140 

+ 

20 

32 

± 

- 

62 

± 

2 

220 

± 

10 

6 

207 

± 

15 

65 

+ 

15 

96 

± 

15 

270 

± 

10 

a 

170 

+ 

8 

57 

+ 

7 

78 

± 

23 

280 

± 

20 

5.08 

2 

240 

+ 

6 

47 

+ 

2 

107 

± 

4 

340 

± 

6 

386 

+ 

33 

— 

— 

— 

140 

± 

- 

465 

± 

50 

8 

260 

+ 

50 

92 

± 

13 

123 

± 

- 

403 

± 

—  — 

10.2 

2 

385 

+ 

45 

75 

± 

2 

149 

± 

8 

490 

± 

50 

6 

535 

2 

130 

± 

- 

270 

+ 

37 

930 

± 

120 

8 

450 

± 

- 

145 

± 

- 

230 

± 

- 

820 

± 

— 

25.7 

2 

1193 

± 

17 

192 

± 

2 

425 

+ 

3 

1800 

± 

20 

6 

1330 

± 

200 

360 

± 

20 

690 

± 

140 

2790 

± 

260 

8 

1450 

± 

13 

358 

± 

7 

585 

± 

20 

2420 

± 

20 

Responses  for  the  PIB  coated  device  were  below  noise  levels. 
Other  blanks  in  the  table  correspond  to  curves  which  could  not  be 
quantified  either  due  to  insufficient  resolution  and/or  excessive 
baseline/signal  noise  or  drift. 
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re-examine  the  sampling  cycle.  During  the  average  cycle,  air  is 
scrubbed  by  passage  thorugh  a  trap  containing  activated  charcoal 
and  molecular  sieve.  The  charcoal  purges  the  air  stream  of 
volatile  organics,  and  the  mol.  seive  removed  water  vapor.  After 
the  purge  cycle,  ambient  air  is  then  sent  to  the  sensors.  The 
plotted  frequency  difference  represents  the  difference  between  the 
sensors  responses  to  the  ambient  and  scrubbed  air  streams. 

The  traps  used  during  these  tests  were  relatively  clean  at  the 
beginning  of  the  tests,  having  seen  only  occasional  use  in  the  MSI 
labs  prior  to  the  field  tests.  During  the  field  tests,  these  traps 
were  subjected  to  prolonged  periods  of  high  humidity  and  periodic 
challenges  from  the  simulant  and  other  ambient  vapors.  These  traps 
were  not  replaced  or  regenerated  during  the  field  tests,  so  the 
possibility  of  saturation  and/or  breakthrough  is  likely.  If  the 
traps  became  saturated,  there  would  be  a  fairly  constant  release 
of  water  vapor  and  adsorbed  volatiles  from  the  exhaust  end  of  the 
trap.  Calculated  sensor  responses  would  then  be  due  to  the  change 
in  concentration  of  these  vapors  between  the  ambient  air  and  the 
purged  air  bleeding  from  the  trap.  The  net  result  would  be  a 
decrease  in  observed  responses  and  a  shift  in  the  x-intercept.  The 
x-intercept,  in  fact,  would  correspond  to  the  concentration  of 
vapors  eluting  from  the  saturated  trap. 

To  verify  these  hypotheses  and  more  fully  evaluate  the 
performance  of  these  sensors  in  the  field,  the  4-SAW  array  was 
returned  to  NRL  and  an  extensive  evaluation  under  controlled  lab 
conditions  was  performed. 

LABORATORY  TEST8 


A.  Instrumentation 

The  4-SAW  array  was  calibrated  in  the  Chemical  Microsensor 
.labs  of  the  Surface  Chemistry  Branch  at  NRL,  using  the  same  data 
acquisition  software  that  was  used  in  the  field.  The  sensor  vapor 
input  port  was  connected  to  the  output  port  of  a  VG-7000  vapor 
generation  system  designed  by  MSI.  The  VG-7000  is  capable  of 
delivering  a  controlled,  reproducible,  pre-calibrated  concentration 
of  vapor  to  tne  sensor.  During  normal  operation,  the  VG-7000  will 
switch  back  and  forth  between  the  vapor  stream  and  a  dry  carrier 
gas  stream.  The  duration  of  each  vapor  exposure  and  the  number  of 
vapor/carrier  gas  cycles  is  programmable. 

For  these  lab  tests,  the  DEM  concentration  was  varied  between 
1  and  25  n g/L,  which  spanned  the  concentration  range  observed 
during  the  field  tests.  The  lab  temperature  was  fairly  constant 
between  25-28  °C  during  the  tests,  which  is  comparable  to  some  of 
the  field  tests.  The  relative  humidity  during  these  tests  was  not 
a  factor,  since  the  carrier  gas  sent  to  the  sensors  had  been  dried 
by  Drierite  and  molecular  sieve.  The  VG-7000  was  programmed  to 
send  a  vapor  stream  of  25  min.  duration,  followed  by  25  min  of 
carrier  gas,  and  to  repeat  this  cycle  2-3  times  during  a  given 
test.  The  vapor  generator  was  allowed  to  warmup  for  1  hr  at  the 
beginning  of  each  day  to  ensure  the  generation  of  an  equilibrated 
vapor  stream  for  sensor  testing.  The  sensor  array  responses  to 
these  vapor  streams  were  recorded  while  operating  with  a  2-min., 
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CALIBRATION  CURVE:  FPOL 


DEM  CONC. 


FIGURE  12.  Calibration  curves  for  FPOL  sensor,  calculated  from 

MIRAN  data.  For  Day  1,  curve  a.  corresponds  to  test 
1  and  curve  b.  corresponds  to  test  2. 
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FIGURE  13.  Example  of  typical  noise  levels  for  SAW  sensors. 

considerable  amount  of  drift  in  the  sensor  baseline  from  the 
beginning  to  the  end  of  the  run.  In  addition,  noise  levels  for  the 
devices  is  relatively  high  when  the  sensors  are  first  turned  on, 
and  generally  decrease  to  20-25  Hz  after  the  first  hour.  Typical 
noise  levels  can  be  seen  in  Figure  13.  This  combination  of 
increased  noise  and  large  initial  drift  may  be  responsible  for  the 
difference  in  the  two  calibration  curves  for  the  day  1  tests. 

To  explain  the  trend  toward  a  positive  x-intercept,  we  must 
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FIGURE  10.  Plot  of  4-SAW  array  responses  for  test  6,  Day  3. 


FIGURE  11.  Plot  of  DEM  concentration  vs  time  measured  by  MIRANs 
for  test  6. 

are  above  baseline  levels  for  the  second  test,  so  the  calibration 
curve  given  in  the  graph  has  a  high  degree  of  uncertainty.  Both 
of  these  runs  were  performed  using  a  4  minute  sampling  cycle.  The 
sensitivity  decreases  more  dramatically  for  subsequent  runs  on  days 
2  and  3,  using  the  2  minute  sampling  cycle.  Second,  the  x- 
intercept  appears  to  be  significantly  greater  than  zero  for  test 
6,  run  on  day  3. 

The  decrease  in  sensitivity  seen  between  tests  #1  and  #2  for 
day  1  may  be  due  to  the  lack  of  sufficient  warmup  time  prior  to  the 
start  of  test  #1.  It  can  be  seen  from  Figure  3  that  there  is  a 
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FIGURE  8.  Plot  of  4-SAW  array  responses  for  tests  4  and  5,  Day 

2. 


FIGURE  9.  Plot  of  DEM  concentration  vs  time  mesured  by  MIRANs 
for  a)  test  4,  and  b)  test  5. 

4,  6,  8,  and  10  are  similar  to  the  shapes  of  the  DEM  concentration 
profiles  seen  in  Figures  5,  7,  9,  and  11.  This  indicates  that  the 
SAW  sensor  array  was  seeing  relatively  the  same  concentration 
levels  as  the  MIRANs.  From  the  MIRAN  data,  the  DEM  concentration 
range  could  be  estimated,  but  the  exact  concentration  of  simulant 
at  the  sensor  is  not  known.  This  fact,  combined  with  sensor  noise 
and  drift,  result  in  a  certain  amount  of  error  associated  with  any 
given  data  point  in  these  calibrations. 

The  SAW  responses  illustrated  in  Figures  4,  6,  8,  and  10 
indicate  that  the  FPOL  sensor  exhibited  the  greatest  sensitivity 
to  the  simulant.  The  FPOL  response  was  calibrated  using  the  MIRAN 
data,  and  the  resulting  calibration  curves  for  the  three  days  of 
testing  are  given  in  Figure  12.  There  are  several  features  worth 
noting  from  this  figure.  First,  the  relative  sensitivity  of  the 
device  decreased  from  the  first  run  on  day  1  (seen  in  curve  a)  to 
the  final  run  for  the  day  (seen  in  curve  b) .  Only  2  data  points 
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FIGURE  6. 


Plot  of  4 -C AW  array  responses  for  test  3,  Day  2. 
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FIGURE  /. 


Plot  of  DEM  concent  rat  ion  vs  tine  measured  by  MIRANs 
for  test  3,  Day  . 


The  MIPAN  data  were  analyzed  by  Lockheed  personnel  at  the 
Army/Dugvay  facility.  The  data  were  corrected  for  baseline  drift, 
and  the  corrected  data  were  provided  to  NRL.  Copies  of  the 
corrected  data  tables  are  included  as  addenda  to  this  report.  As 
rujt  *-d  earlier,  only  data  from  MIRAN  17  and  MIRAN  <0  were  of 
interest,  due  to  their  proximity  o  the  4-SAW  array.  'ihe  DEM 
concent  rat ions  vf  .  time  for  those  HIRANa  for  each  of  the  6  tests 
are  plotted  in  Figures  *,  7,  9,  and  11.  These  DEM  concentrations 
were  used  to  calibrate  the  SAW  sensor  responses  i  r.  the  field.  In 
general,  the  shapes  of  tho  response  curves  illustrated  in  Figures 


Examples  of  the  sensor  array  frequency  plots  for  the  field 
tests  are  given  in  Figures  4,  6,  8,  and  10.  The  beginning  of  each 
test  sequence  is  indicated  on  these  plots  with  an  arrow.  A 
sampling  cycle  of  4  minutes  (2  min.  purge/2  min-  sample)  was  used 
during  tests  1  and  2  (seen  in  Figure  4).  It  appeared  that  the  raw 
frequency  responses  of  the  sensors  during  the  sampling  half  of  the 
cycle  were  fairly  rapid,  usually  reaching  an  equilibrium  response 
within  1  minute.  The  subsequent  return  to  baseline  during  the 
purge  portion  of  the  cycle  was  also  rapid,  and  reached  a  steady 
value  within  20-40  seconds  after  removal  of  the  ambient  air  stream. 
Based  on  these  observations,  subsequent  tests  on  day  2  and  day  3 
ware  performed  using  a  2  minute  cycle  (1  rain,  purge/1  min.  sample). 
An  additional  factor  in  using  a  shorter  sampling  cycle  was  the 
desire  fer  greater  response/t ime  resolution.  Switching  to  a  2 
minutu  cycle  would  generate  twice  as  many  data  points  for 
comparison  with  MIRAN  data. 


«  Me  (*i| 


FIGURE  4.  Plot  of  4-SAW  array  responses  to  tests  1  and  2, 

performed  on  Day  1.  Beginning  of  each  test  is 
indicated  on  graph  with  an  arrow. 


FIGURE  r> .  Plot  of  DEM  concentration  vs  time  measured  by  MIRANs 

for  a)  toot,  l,  and  b)  tent  2. 

ft 


The  frequency  shifts  of  the  individual  sensors,  as  well  as  the 
cumulative  frequency  shifts  (2) ,  were  recorded  continuously  during 
the  tests.  During  a  typical  sampling  cycle,  the  SAW  frequencies 
were  recorded  every  2  seconds  as  the  sensors  were  exposed  to 
alternating  streams  of  scrubbed  air  and  ambient  air.  An  example 
of  the  raw  frequency  response  curve  for  a  two  minute  cycle  is  given 
in  Figure  3A  (raw  data)  .  During  the  first  minute  of  the  cycle,  the 
frequency  baseline  is  established  as  the  sensor  is  exposed  to 
scrubbed  air.  During  the  second  half  of  the  sampling  cycle  the 
frequency  difference  increases  as  the  sensor  responds  to  ambiant 
vapors.  This  frequency  difference  between  scrubbed  air  and  ambient 
air  is  represented  in  the  Figure  as  f(l).  At  the  conclusion  of  the 
cycle,  the  difference  between  the  baseline  response  and  tne 
response  to  ambient  air  is  calculated,  and  this  difference  is 
recorded  and  plotted  as  seen  in  Figure  3B  (plotted  data) .  In  part 
a,  two  sampling  cycles  to  ambient  air  are  represented.  In  part  b, 
simulant  vapor  is  added  to  the  ambient  background.  The  increase 
in  frequency  response  due  to  the  simulant  is  represented  as  f(2). 
The  plotted  data  in  Figure  3B  represents  the  difference  between  the 
scrubbed  air  stream  and  the  ambient  air  stream,  with  only  one  data 
point  for  every  sampling  cycle.  Shifts  in  the  plotted  frequency 
data  thus  represent  the  sensor  responses  to  changes  in  the 
concentration  or  composition  of  ambient  vapors. 


A.  RAW  DATA 


B.  PLOTTED  DATA 
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FIGURE  1 


TIME  (MIN.) 

Example  of  data  collection  during  2  minute  sampling 
cycle  In  A,  actual  frequencies  are  recorded  every 
2  seconds  during  purge  and  sample  portions  of  the 
cycle.  In  part  B,  the  difference  frequency  between 
th"  purge  and  sample  portions  of  the  cycle  are 
plotted.  Additional  explanation  is  included  in  the 

t  e  X  t  . 


SUPERSTRUCTURE  DECK 


FIGURE  2.  Schematic  of  physical  layout  of  shipboard  testing 

site. 

wis  exploded  at  internal  or  external  locations,  as  marked  in  Figure 
2.  After  detonation,  DEM  concentrations  were  monitored  as  the 
simulant  was  dispersed  throughout  the  starboard  cabins.  When  the 
concentration  had  decreased  sufficiently,  usually  below  1.0  ji g/L , 
the  test  was  terminated.  Ambient  temperatures  during  the  tests 
varied  between  13-28  'C,  with  the  cooler  temperatures  during  the 
morning  tests  and  an  average  temperture  in  the  starboard  cabins  of 
22- 25  C.  The  relative  humidity  was  higher  in  the  morning  (near 
60%)  and  decreased  during  the  course  of  the  day  to  below  40%. 

TABLE  I.  TEST  SCHEDULES  AMD  CONDITIONS 


'ost  #* 

T^mp . 

C'C) 

Humid i ty 
(%  RH) 

Start 

Time 

Durat ion 
(min.  ) 

Sampl ing  Cycle 
(min. ) 

1  (V  26) 

2  3-25 

6  3 

11:40 

50 

4 

2  (6/26) 

2  6-26 

6  2 

1 1 : 00 

30 

4 

3  (5/26) 

18-21 

6  6 

10:40 

60 

2 

4  (6/26) 

24-26 

4  1 

11:53 

54 

2 

6  (5/26) 

2  5-23 

— 

13:26 

20 

2 

6  (6/27) 

2  1-27 

13 

10:10 

30 

2 

Tests  #1-16  were#  external  bomba  with  a  simulant  volume  of  600 
ml,.  Test  1 6  was  an  internal  bomb  with  a  simulant  volume  of  60  mL. 


acquisition  of  sensor  data.  Charcoal  traps  were  included  in  the 
system  to  scrub  the  ambient  air  to  establish  a  baseline  array 
response.  During  normal  operation,  the  air  stream  sent  to  the 
sensor  alternated  between  ambient  air  and  purged  air  that  had  been 
passed  through  the  charcoal  traps.  A  more  detailed  discussion  of 
the  sample  data  collection  scheme  will  be  given  later.  All 
software  for  system  control,  data  collection,  and  algorithms  for 
the  reduction  of  data  were  developed  by  MSI. 

3.  MIRAN  IR  Detectors 

Simulant  (diethyl  malonate  -  DEM)  concentrations  during  the 
field  tests  were  monitored  using  the  Miniature  Infra-Red  ANalyzer 
(MIRAN  1A) ,  manufactured  by  Foxboro  Analytical.  Simulant  detection 
was  achieved  by  monitoring  the  IR  spectral  intensity  at  a  i  of  9.5 
jira  over  a  20.25  meter  cell  path  length.  A  minimum  detectable 
concentrat ion  of  0.05  ppm  is  achievable  with  this  instrument  under 
optimum  conditions  (3).  These  instruments  were  designed  for  lab 
operation,  ar.d  required  special  care  in  setup  and  calibration  for 
use  in  the  field.  All  MIRAN  data  were  collected  and  reduced  by 
Lockheed  personnel. 

For  the  purposes  of  this  study,  the  MIRAN  data  were  used  to 
verify  the  concentrations  of  simulant  to  which  the  sensor  array  was 
exposed.  In  this  manner,  the  sensitivity  and  detection  limit  could 
be  determined  for  the  field  tests.  Although  there  were  many  MIRANS 
located  on  board  for  the  tests,  only  two  are  of  interest.  These 
two  instruments,  identified  as  MIRAN  #7  and  MIRAN  #8,  were  located 
in  the  starboard  cabins  at  frames  53  and  55,  respectively  (see 
Figure  2).  These  were  in  close  proximity  to  the  SAW  array,  which 
was  located  at  frame  54.  Thus  the  simulant  concentrations  reported 
by  these  two  instruments  could  be  used  to  estimate  the 
concentrations  of  simulant  in  the  vicinity  of  the  SAW  array  at  a 
given  time  during  these  tests. 

FIELD  TEST8 


A- _ Physical  Layout 

All  field  tests  were  conducted  on  board  the  ex-USS  Shadwel 1 
during  the  period  of  May  25-27,  1033 .  The  layout  of  the  portions 
of  the  ship  used  during  these  tests  is  illustrated  in  Figure  2. 
The  starboard  cabins  on  the  main  deck  had  been  retro-  fitted  to 
meet  all  necessary  power  requirements  for  instrument  operation  and 
control,  and  were  sealed  off  from  the  remainder  of  the  ship  during 
the  conduction  of  simulant  dispersal  tests.  MIRAN  detectors  were 
positioned  in  the  starboard  cabins  between  frames  36  and  58,  and 
on  the  weather  deck  at  midship.  (Note:  each  frame  -  4  ft)  .  MIRAN 
responses  wore  transmitted  to  the  control  room,  located  on  the 
superstructure  dec.:.  The  concentration  and  dispersal  of  the 
simulant  during  the  tests  were  monitored  by  the  MIRAN3 ,  and  could 
be  observed  remotely  in  real  time  from  the  control  room. 

The  testing  schedule  and  pertinent  conditions  are  listed  in 
Table  I.  Diethyl  malonate  ( DFM)  was  used  as  the  simulant  for  all 
tests.  During  an  average  test,  a  vessel  containing  the  simulant 


The  158  MHz  dual  SAW  devices  used  during  this  study  were 
provided  by  Microsensor  Systems,  Inc. ,  (MSI)  of  Fairfax,  VA  (part 
4  SD-158-A)  .  Each  device  contains  two  sets  of  IDTs  on  the 

surface  of  a  ST-cut  quartz  crystal,  with  each  set  of  IDTs  forming 
an  independent  delay  line.  One  delay  line  was  coated  with  a  thin 
polymer  film  which  acted  as  a  seini-selective  adsorbent  for  chemical 
vapors,  while  the  second  delay  line  remained  uncoated  to  serve  as 
a  reference.  The  individual  frequencies  of  the  delay  lines  were 
fed  into  an  electronic  mixer.  The  output  from  the  mixer 
represented  the  frequency  difference  between  the  coated  and 
uncoated  delay  lines.  As  the  individual  sensors  were  exposed  to 
ar.d  adsorbed  a  given  vapor,  the  frequency  difference  output  for  the 
devices  would  increase.  The  magnitude  of  the  observed  frequency 
shift  is  proportional  to  the  amount  of  vapor  adsorbed  into  the 
coating,  and  hence  is  a  measure  of  the  sensitivity  of  that  coating 
to  that  vapor.  The  coatings  used  during  these  tests  were 
fluoropolyol  (FPOL  -  Cnan.  A),  a  soluble  extract  of  TENAX-GC  (Chan. 
B) ,  ethyl  cellulose  ( ECEL  -  Chan.  C) ,  and  poly ( isobutylene)  (PIE  - 
Chan.  D)  .  It  should  be  emphasized  that  the  TENAX  coating 

represented  only  a  soluble  extract  of  this  GC  packing  material,  so 
that  the  material  actually  deposited  on  the  SAW  is  not  well 
characterized  in  terms  of  structure  or  solubility  properties. 
Coatings  were  selected  based  on  previously  observed  reliability  and 
availability.  Ho  attempt  was  made  to  maximize  the  sensitivity  of 
the  sensors  for  the  specific  simulant  used  in  the  field  tests. 

Four  coated  devices  were  placed  in  an  array  configuration 
illustrated  in  Figure  1  (MSI  ISAS-158-4).  The  array  was  interfaced 
with  an  Apple  Macintosh  microcomputer  which  controlled  the 
switching  of  vapor  streams,  via  electrical  solenoid  valves,  and  the 
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FIGURE  1.  Schematic  diagram  of  4-SAW  senaor  array 

configuration,  used  during  field  tests. 
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EVALUATION  OF  SAW  SENSOR  ARRAY  PERFORMANCE:  RESULTS  OF 
FIELD  TESTS  ON  BOARD  EX-USS  SHADW ELL 


INTRODUCTION 

The  Navy's  interest  in  chemical  microsensors  spans  much  of  the 
current  decade  (1930's),  with  major  research  programs  in  the 
development,  testing,  and  evaluation  of  various  sensor  technologies 
being  implemented  at  the  Naval  Research  Laboratory.  Interest  in 
these  devices  is  motivated  by  their  small  size,  ruggedness,  low 
cost,  and  potential  for  rapid  and  sensitive  response.  Ultimately, 
these  devices  will  be  used  in  military  environments  for  such 
applications  as  the  detection  of  hazardous  materials  and  the 
monitoring  of  decontamination  processes.  One  application  of 
particular  interest  to  the  Navy  involves  the  use  of  these  sensors 
to  monitor  shipboard  environments. 

The  surface  acoustic  wave  (SAW)  device  has  been  the  focus  of 
a  considerable  amount  of  basic  and  applied  research  efforts  over 
the  past  7  years.  Characterization  of  the  SAW  includes 
determinations  of  response  times,  reproducibility,  effects  of 
aging,  and  sensitivity  and  selectivity  of  coatings  to  specific 
vapors.  Until  recently,  the  evaluation  of  these  devices  was 
limited  to  testing  under  controlled  laboratory  conditions.  Field 
tests  were  needed  to  verify  whether  lab  results  provide  an  accurate 
representation  of  the  expected  performance  of  these  devices  under 
real  shipboard  conditions. 

Such  field  tests  were  recently  conducted  on  board  the  ex-USS 
Shadwell.  The  Shadwell  is  a  decommissioned  Navy  LSD,  currently 
serving  as  a  training  facility  under  the  control  of  the  Navy 
Technology  Center  for  Safety  and  Survivability,  which  is  associated 
with  the  Combustion  and  Fuels  Branch  of  the  NRL  Chemistry  Division. 
It  is  moored  at  Little  Sand  Island  in  Mobile  Bay,  Alabama,  under 
an  agreement  with  the  US  Coast  Guard.  Additional  details  regarding 
the  Shadwell  testing  facility  can  be  found  in  reference  1.  SAW 
field  tests  were  performed  concurrent  with  simulant  dispersal  tests 
by  the  Lockheed  Engineering  and  Management  Services  Co.,  Inc.,  for 
the  Army/Dugvay  Proving  Grounds,  Utah.  Results  of  those  field 
tests  and  parallel  lab  studies  form  the  basis  of  this  report. 

INSTRUMENTATION 

A_. _ SAW  Apparatus 

The  operational  principles  of  the  SAW  device  are  described  in 
detail  in  reference  (2) .  For  the  purposes  of  this  report,  only  a 
brief  description  of  the  devices  will  be  included.  The  SAW 
consists  of  a  set  of  intordigital  transducers  (IDTs)  which  have 
been  deposited  on  the  surface  of  a  piezoelectric  substrate,  such 
as  quartz.  When  a  time-varying  rf  potential  i3  applied  to  one  of 
the  IDTs  a  Rayleigh  wave  is  established  and  propagates  along  the 
surface  of  the  crystal.  The  Rayleigh  wave  velocity  depends  on  the 
substrate,  and  the  frequency  of  the  wave  depends  on  the  geometry 
of  the  IDTs.  The  f requency  and  velocity  of  the  wave  is  sensitive 
to  changes  occurring  on  the  surface,  such  as  changes  in  the  mass 
loading  or  elastic  properties  of  a  thin  surface  film.  It  is  this 
high  degree  of  sensitivity  to  surface  perturbations  that  makes  the 
:;aw  an  attractive  sensor. 
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AH  is  the  thermal  activation  energy  (2).  An  external  oscillating 
stress  will  induce  conformational  changes  associated  with  the 
relaxation  when  the  frequency  (w)  corresponds  to  the  relaxation 
frequency,  or  when  A  -  1/r .  Thus,  the  thermal  activation  energy  for 
the  relaxation  process  can  be  determined  by  plotting  the  Tg  vs  frequency 
over  a  broad  frequency  range.  The  slope  of  the  resulting  curve  will 
correspond  to  the  u>H  for  that  relaxation.  This  method  can  be  used  not 
only  for  relaxations  at  Tg,  but  for  secondary  relaxations  that  occur 
below  the  Tg. 

Elastic  Modulus  Determinations.  The  data  presented  here  are  limited 
due  to  a  lack  of  information  regarding  the  moduli  values  for  polymers 
used  during  this  work.  The  SAU  could  potentially  be  used  for  the 
determination  of  such  values  for  glassy  polymers.  Before  such 
determinations  are  possible,  however,  the  SAU  must  be  calibrated  using 
well  '.haracterized  polymer  systems.  The  mass  sensitivity  of  the  SAW 
can  be  calculated  from  the  first  term  in  Equation  1,  and  calibrated 
using  rubbery  *  1ms  of  known  mass  so  that  the  modulus  effects  are 
negligible.  The  modulus  of  glassy  materials  can  then  be  determined  as 
the  difference  between  the  observed  frequency  shift  for  a  given  film 
and" the  expected  shift  due  to  the  mass  of  the  film. 

Plasticization  Effects.  Many  polymers  undergo  plasticization,  or 
softening,  when  exposed  to  certain  vapors.  The  effects  of 
plasticization  are  seen  as  a  decrease  in  the  Tg  and  an  expansion  of  the 
rubbery  region.  By  determining  the  Tg  of  the  polymer  films  in  the 
presence  and  absences  of  a  given  vapor,  the  plasticization  effects  of 
that  vapor  can  be  studied. 

samara 

To  conclude,  the  SAW  device  has  great  potential  for  use  in  the 
characterization  of  polymeric  materials.  It  has  several  advantages 
over  existing  methods,  including  small  sample  requirements  (1  pg  or 
less),  great  sensitivity,  versatility,  and  low  cost.  It  must  be 
stressed  that  these  SAW  data  were  collected  dviring  studies  using  very 
thin  films.  The  ability  to  extrapolate  from  thin  film  data  to 
determine  the  properties  of  bulk  materials  must  be  verified  by  studying 
well  characterized  materials. 

In  sensor  applications,  greater  care  should  be  taken  in  the 
selection  and  application  of  polymer  films  to  minimized  modulus 
effects.  The  effect  of  ela*  ‘c  properties  of  the  coating  materials 
must  be  taken  Into  consideration  in  the  interpretation  of  SAW  sensor 
data.  In  addition,  the  sensor  community  might  take  advantage  of  the 
SAW  sensitivity  to  elastic  properties  to  devise  more  sensitive  sensors, 
and  to  expand  the  applications  of  these  sensors. 

At  KrcslL  ftdiM  rntati. 
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range,  this  is  equivalent  to  a  shift  of  only  4.5  ppra/°C,  and  becomes 
comparable  to  the  frequency  shifts  observed  for  the  bare  devices  as 
well  as  for  shifts  associated  with  thermal  expansion  of  the  coatings. 
If  the  transition  occurs  over  a  larger  temperature  range,  such  a 
frequency  shift  would  not  be  easily  identified.  In  such  a,  case, 
identification  of  Tg  as  a  change  in  the  slope  of  the  curve  may  be  a 
more  definitive  method. 

Future  Applications 

These  preliminary  data  demonstrate  the  sensitivity  of  the  SAW  device 
to  the  elastic  properties  of  polymers.  The  SAW  device  has  tremendous 
potential  for  use  in  the  characterization  of  these  materials.  In 
addition  to  sensitivity,  the  SAW  also  represents  a  versatile  and 
inexpensive  alternative  to  existing  methods.  Some  of  the  parameters 
which  could  be  studied  using  the  SAW  are  discussed  below. 

Thermal  Expansion  Coefficients.  The  data  presented  indicate  that  the 
thermal  expansion  of  the  coatings  is  translated  Into  a  steady  decrease 
in  frequency.  The  slope  of  this  frequency  curve  should  be  proportional 
to  the  thermal  expansion  coefficient.  The  Tg  of  polymeric  materials 
can  be  identified  by  the  change  in  the  thermal  expansion  coefficient 
at  the  Tg.  To  verify  the  effect  of  surface  coating  coverage  on  observed 
SAW  frequency- temperature  response  behavior,  the  results  for  airbrush 
film  studied  here  must  be  compared  with  results  obtained  from 
contiguous  films  of  known  thickness. 

T,  and  T-,.  By  taking  advantage  of  the  large  modulus  changes  that  occur 
at  the  Tg  and  Tm,  the  SAW  can  be  utilized  in  the  identification  of  these 
transition  temperatures  for  polymeric  materials.  Our  results  have 
indicated,  however,  that  there  are  limitations  on  the  applicability  of 
the  SAW  for  these  determinations.  For  example,  if  the  modulus  of  the 
initial  glassy  material  is  less  than  1010  dyne/cm* ,  then  the  frequency 
shift  observed  at  transition  will  be  correspondingly  decreased.  Also, 
sharp  transitions  occurring  over  small  temperature  ranges  will  be  more 
easily  identified  than  gradual  transitions  spanning  large  temperature 
ranges.  The  use  of  contiguous  films,  rather  than  the  dispersed  droplet 
films  studied  here,  should  eliminate  the  gradual  drift  associated  with 
thermal  expansion  of  the  coating  and  facilitate  the  identification  of 
Tg .  Also,  for  glassy  materials  with  a  modulus  below  1010  dyne/cm3 ,  the* 
Tg  still  may  be  determined  using  the  thermal  expansion  technique 
described  previously. 

The  identification  of  Tg  and  Tm  for  semi -crystalline  materials  poses 
a  challenga.  If  there  is  a  high  degree  of  crystallinity,  there  may  he 
not  be  a  sufficient  amount  of  amorphous  glassy  polymer  for  a  facile 
determination  of  Tg. 

Thermal  Activation  Energies.  The  relaxation  that  occurs  as  the  polymer 
passes  from  the  glassy  state  to  the  elastomeric  state  can  be  described 
using  an  Arrhenius  type  equation, 

r  -  r0  exp( All/kT)  (  3) 


where  t0  is  the  relaxation  time  at  the  reference  temperature,  T„ . 


and 


The  shear  modulus  is  a  complex  term,  and  is  the  combined  result  of 
both  loss  and  storage  components.  For  a  periodic  or  oscillatory 
stress,  the  polymer  chain  will  tend  to  rearrange  into  conformations  of 
lower  energy  to  relieve  this  induced  strain.  There  is  a  lag  between 
the  stress  and  che  strain  due  to  the  visco-elastic  nature  of  the 
polymer.  In  terms  of  modulus,  the  storage  modulus  is  the  component 
that  is  in  phase  with  the  strain  and  represents  the  amount  of  energy 
stored  in  the  polymer.  The  amount  of  energy  dissipated  during  the 
deformation  process  is  called  the  loss  modulus,  and  is  usually  90°  out 
of  phase  with  the  strain  (2) .  For  this  reason,  we  would  expect  to  see 
a  localized  minimum  in  the  frequency  curves  corresponding  to  a  maximum 
in  the  energy  loss  in  the  vicinity  of  the  Tg  (or  the  Tm) . 

The  Tf  can  reasonably  be  expected  to  increase  by  3-10  °C  for  each 
decade  increase  in  the  frequency  .  Thus,  for  158  MHz  SAW  devices  used 
during  this  study,  the  polymer  films  may  exhibit  increases  in  Tg  of  25- 
80  °C.  From  the  parameters  given  in  Table  I,  the  Tg  for  FPOL,  PEM,  and 
ECEL  would  be  expected  to  fall  within  the  temperature  range  of  our 
experiments.  For  PCAP ,  the  Tg  is  still  probably  below  the  temperature 
range  studied,  although  the  Tm  would  be  within  the  experimental  range. 

For  PCAP  and  ECEL,  there  appear  to  be  localized  frequency  difference 
maxima  in  the  frequency- temperature  curves.  (NOTE:  these  localized 
maxima  correspond  to  localized  frequency  minima  in  the  frequency- 
temperature  curves  of  the  individual  coated  delay  lines.)  This  maxima 
occurs  between  55-60  °C  for  PCAP,  which  corresponds  to  the  Tm  given  in 
Table  I.  The  maxima  is  not  seen  in  the  cooling  portion  of  the  curve 
but  reappears  in  successive  heating  cycles.  For  ECEL,  the  maxima 
occurs  between  95-100  °C,  which  is  52-57  °C  above  the  Tg  listed  in  Table 
I,  and  well  below  the  Tm.  This  maxima  is  seen  in  both  the  heating  and 
cooling  portions  of  the  curve,  and  falls  within  the  temperature  range 
that  would  be  expected  for  the  Tg  of  ECEL  on  the  SAW  device.  An 
additional  point  of  interest  is  that,  while  the  Tg  is  associated  with 
a  relaxation  phenomenon  and  increases  with  frequency,  the  Tm  rer resents 
a  change  of  phase  (from  the  crystalline  to  the  liquid  or  amorphous 
state)  which  does  not  exhibit  a  frequency  dependence. 

The  curves  for  PEM  are  difficult  to  interpret.  The  elevated  Tg  would 
be  expected  to  fall  between  15-70  °C  based  on  the  Tg  in  Table  I.  The 
curves  in  Figure  4  exhibit  a  maxima  between  75-90  °C  which  is  most 
likely  not  the  Tg.  It  is  possible  that  the  Tg  occurs  in  the  lower  end 
of  the  expected  temperature  range,  and  thus  would  fall  outside  the 
range  of  our  experiments. 

For  FPOL,  the  Tg  would  be  expected  to  fall  within  the  range  of  35- 
90  °C .  No  frequency  difference  maxima  are  observed  in  this  range. 
Close  Inspection  of  the  curves  In  Figure  8  reveal  an  increase  in  the 
slop'  of  the  curve  between  65-  70  °C ,  which  may  correspond  to  the  T,. 
Sii  . a  the  thermal  expansion  coefficient  Increases  significantly  at  the 
Tg,  the  rate  of  coating  expansion  can  be  observed  as  a  frequency  shift 
as  discussed  previously,  and  would  be  expected  to  increase  in  the 
region  of  the  Tg. 

There  are  several  reasons  why  a  dramatic  frequency  shift  may  not  be 
seen  at  the  Tg  for  the  FPOl,  curves.  As  noted  earlier,  a  SAW  coated 
with  a  glarsy  material  having  a  modulus  value  of  1010  dyne/cm1  would 
exhibit  a  frequency  shift  of  the  order  of  35  kHz.  If  the  glassy 
modulus  is  only  10*dyne/cra3,  however,  tho  expected  shift  decreases  to 
3.5  kHz  or  less.  If  the  transition  occurs  over  a  5  degree  temperature 


subtracting  the  frequency  curve  for  the  blank  delay  line.  It  appears 
that  there  is  a  non- recoverable  frequency  shift  during  the  course  of 
a  heating/cooling  cycle.  This  effect  decreases  with  successive  cycles. 
FPOL  is  a  viscous  material  and  would  be  expected  to  flow  as  the 
temperature  increased;  over  several  cycles  the  flow  would  gradually 
diminish  as  the  film  spread  to  its  limit.  Beyond  this  point,  further 
increases  in  surface  coverage  would  be  limited  to  thermal  expansion 
only,  and  the  heating  and  cooling  portions  of  the  curves  would  become 
superimposed. 

Determination  of  Tj  and  Tm .  In  addition  to  frequency  shifts  due  to 
expansion  of  the  film  noted  in  the  preceding  discussion,  the  frequency 
should  decrease  even  further  as  the  film  approaches  the  Tf  (or  the  Tm) . 
To  determine  the  magnitude  of  tha  expected  shift,  we  refer  again  to 
Equation  1.  Typical  values  for  the  parameters  in  Equation  1  are  listed 
in  Table  II.  Solving  the  equation  for  a  rubbery  film  (where  n  -  107 
dyne/cm2)  yields  an  expected  frequency  shift  from  mass  loading  of  -335 
kHz,  and  a  shift  from  the  modulus  contribution  of  only  -35  Hz.  For  a 
rubbery  film  the  effects  of  elastic  properties  on  the  observed 
frequency  response  can  be  considered  negligible.  If,  however,  the  film 
is  glassy,  with  /i  -  1G10  dyne/cm2 ,  the  effect  of  the  modulus  will  be 
-35  kHz,  or  greater  Chan  10%.  A  change  in  modulus  at  Tg  from  1010 

dyne/cm2  to  107  dyna/cm2  would  produce  a  decrease  in  the  observed 
frequency  of  35  kHz.  If  the  modulus  change  occurs  over  a  5  degree 
temperature  range,  which  is  reasonable  for  many  polymers,  then  a 
decrease  of  45  ppm/°C  would  be  expected,  (t  DTE:  1  ppm  -  158  Hz).  This 
should  be  easily  observed  over  and  above  the  frequency  shifts  discussed 
previously . 


TABLE  II.  TYPICAL  PARAMETER  VALUES* 


parameter 

description 

value  (units) 

material  constant 

m  « 

-9.33  x  10'®m2s/kg 
-4.16  :<  10'*" 

Vr 

Rayleigh  wave  velocity 

3159.3  m/s 

p 

density  of  polymer  film 

1000  kg/m3 

h 

film  thickness 

1  x  10'*  ra 

u 

SAW  resonant  frequency 

158  MHz 

(\  +  p/A  +  2p) 

shear  modulus  (glass) 

"  "  (rubber) 

1010  dyne/cra2 

107 

0.85  (typical  value) 

Values  for  k] , 


,  and  VR  are  for  X-Y  quartz,  taken  from  reference  (2). 
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TABLES 

Table  1.  Range  and  range  straggling  values  for  IBAD  TiH  films  and  implanted 
TiN [19]  . 

ION  (Energy)  N*_  (15  ke_V)  _  Ti*  (40  keV) _  M*  (70  keV) 

SUBSTRATE  B«C  TiN  AliOs  TiN  TiN 


RANGE (nm)  -  31  22  23  21  90 


RANGE  8.2  10  8.2  8.8  31 

STRAGGLING (nm) 


Table  2.  Composite  hardness  and  relative  wear  resistance  of  TiN  films 

KNOOP  HARDNESS*  Rel.  Wear  Resistance 

(referenced  to  N2  steel) 


a 


(N* ) IBAD 

s 

0.8 

(Ti* ) IBAD 

6.4 

0.9 

Reactive  Sputtered 

8.5 

25 

0.1-0. 2  ua  thick  films  on  Nx  at  0.15  ua  indent  depth. 


IS 


Table  3.  friction  coefficients  of  BAD  and  RS  films  cn  steel  and  ceramic  substrates. 


FIIX  TYPE 

BAD 

RS 

ICN 

N* 

Ti* 

Ti* 

Ti* 

Ti* 

— 

— 

BALL 

PASS  Mo.  SUBSTRATE 

52100 

52100 

B«C 

SiC 

AIiQi 

H2 

SiC 

52100 

1st 

0.13 

0.16 

0.52 

0.47 

0.35 

0.20 

— 

52100 

10th 

0.20 

0.17 

0.16 

0.20 

0.22 

0.18 

— 

SijH« 

1st 

0.16 

— 

0.25 

0.26 

0.29 

0.16 

0.63 

SiaJL 

10th 

n  i_g 

0.24 

0.43 

0.14 

0.15 

0.42 

DEPTH,  ATOMS/cm2  *10 


*dO  ‘SS3NCJyVH 


Composite  Knoop  hardness  vs.  indentation  depth  of  thick  (N* ) IBAD  TiN 
films  on  52100  steel. 


Tia.  3.  Coeposite  Knoop  hardness  vs.  indentation  depth  of  IBAD  end  RS  TiH 
files  on  nickel. 


WEAR  DEPTH,  nm 


Relative  abrasive  wear  resistance  vs.  aass  loss  of  RS  TIN  filas  of 
several  thicknesses  on  nickel  substrates  referenced  to  M2  tool  steel 


Fid.  5.  Ball-on-disk  wear  track  crossing  (TiMIBAD  into  non-implar.ted  PVD 
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FRICTION  COEFFICIENTS  -  HOW  LOW  CAN  THEY  GO? 

I.L.  SINGER.  R.N.  BOLSTER,  J.  WEGAND*  ,  S.  FAYEULLE*  •  * 

NAVAL  RESEARCH  LABORATORY.  WASHINGTON  D.C. 

4  GEO-CENTERS ,  WASHINGTON  D.C. 

"ECOLE  CENTRAL  de  LYON,  ECULLY  FRANCE 

INTRODUCTION 

Friction  coefficients  of  low  friction  films  generally  do  not 
obey  Amonton's  law,  which  finds  that  the  friction  coefficient  is 
independent  of  load.  Investigations  of  thin  films  of  organic, 
metallic  and  dichalcogenide  materials  tend  to  show  decreasing 
friction  coefficients  with  increasing  loads. 

This  paper  examines  the  load  dependence  of  the  friction 
coefficients  of  MoSi  films.  Several  explanations  for  this 
benavior  have  been  proposed: 

a. '  FRICTION  TEXTURING  -  High  loads  orient  MoSz  qrains  with 

(0002)  planes  parallel  to  the  substrate; 

b.  HEATING  EFFECTS  -  Hiqh  loads  generate  heat.  Which 
drives  off  moisture  (known  to  increase  the  friction 
coefficient ) ; 

c.  FILM  SHEARING  UNDER  HERTZIAN  CONTACT  -  High  loads  on 
elastically  deformed  substrates  result  in  a  friction 
coefficient,  u,  given  by: 

u  a  S/L®  . 

where  S  is  the  SHEAR  STRENGTI"  of  the  film,  and 
1/3  <  B  <  1/2,  depending  on  nature  of  contact  (point  to 
line)  .  The  above  relationship  follows  directly  from 
the  interpretation  of  friction  coefficient  as  the 
shearing  pressure  divided  by  the  normal  pressure.  For 
elastic  (Hertzian)  contact,  the  normal  pressure  varies 
as  L9  ,  as  seen  below. 


Data  taken  from  the  literature  and  in  our  laboratory  has  been 
analyzed  according  to  the  Hertzian  contact  model  for  the  friction 
coefficient  of  a  thin  easily  sheared  film  on  a  hard  substrate. 
Applicability  of  the  model  and  it3  implications  on  the  lower 
limits  of  friction  coefficients  are  discussed. 


DEFORMATION  OF  METALS  3Y  SPHERICAL  INDENTERS  {TABOR.  1951) 


NOMENCLATURE: 

L  load 

P. 

mean  pressure 

a  radius  of  contact 

E 

Elastic  (Young's)  modulus 

A  Contact  area 

S 

shear  strenqth 

R  Radius  of  sphere 

THE  PRESSURE  EXERTED  BY 

A  SPHERE  ON  A 

FLAT  IS  GIVEN  BY: 

P. 

=  L/  [na!  ] 

(1) 

COMPACT  AREA  UNDER  ELASTIC  DEFORMATION: 

A  =>  na1  =  nil  3LR )  /  (  4E )  ) 1  '  3  (2) 

MENCE, 

P*  =*  L/  [  na1  )  »  1/n  *  (  ( 4E)  /  {  3R )  )  *  '  *  *  (l/L)1'3  (3) 
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TABLE  3:  &,So  AND  a  VALUES  AND  CORRELATION  COEFFICIENT  BY  NON-LINEAR  REGRESSION. 
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(J 
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So  (MPa) 
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GANSHEIMER 

best  fit 

RH=16 . 2 

0.002-0.08 

-0 . 3- (-11) 
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0.99 

RH=6 . 5 

0.001 

-4- (-10) 

50-1C0 

0.95 

a=0  fit 

RH=16.2 

0.43-0.50 

"0" 

10-20 

0.98- 

RH=6 . 5 

0.12 

I.Q.. 

10 

0.95 

KARPE 

best  fit 

0.2-0. 4 

0.04-0.07 
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0.96-1 

a-0  fit 

-0.15 

"0" 

6C-70 

0.95-1 

SALOMON  ANDDeGEE 
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0.26 

-0.13 

20 
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0.19 

-0.02 

5 
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a=0  fit 
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0.48 

"O'* 

20 
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RH=5 

0.23 

"O'* 

5 
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ROBERTS 

best  fit 

0.39 
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6.2 
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a=0  fit 

0.33 
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6.6 

0.962 

NRL 

best  fit 
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0.22 

47 
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a=0  fit 

0.33 
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and  C  is  a  gsoaetrical  constant 
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THE  DYNAMIC  BEHAVIOR  OF  WATER  VAPOR 
ON  ACTIVATED  CARBON 


1.  INTRODUCTION 

Water  adsorption  on  activated  carbon  is  of  particular  interest  for  air 
t  irification  applications  where  contaminants  must  be  removed  from  humid  air. 
Water  vapor  adsorption  can  limit  filter  performance  against  challenges  of  light 
gases  by  displacing  previously  adsorbed  contaminants  or  by  reducing  the  available 
adsorption  space.  A  complete  understanding  of  the  single  component  adsorption 
behavior  of  water  vapor  on  activated  carbon  can  serve  as  a  basis  to  develop  a 
theory  for  multicomponent  behavior.  This  study  considers  in  detail  the  adsorption 
of  water  on  BPL  activated  carbon. 

The  adsorption  behavior  of  any  vapor  on  an  adsorbent  can  be  understood 
through  the  adsorption  equilibrium  relationship  and  the  material  and  energy 
balances.  Water  adsorption  on  activated  carbon  exhibits  a  pronounced  hysteresis 
that  complicates  the  analysis  of  desorption.  Doong  and  Yang1  present  a  model  for 
multicomponent  adsorption  of  water  and  hydrocarbons  on  activated  carbon 
including  equilibrium  and  adsorber  dynamics.  Their  work,  however,  neglects  the 
energy  balance  and  does  not  present  data  on  breakthrough  runs.  The  purpose  of 
this  paper  is  to  develop  and  solve  the  material  and  energy  balance  equations  so  the 
results  can  be  compared  to  actual  breakthrough  experiments.  The  results  presented 
here  for  adsorption  dynamics  can  be  extended  to  desorption  dynamics.  Two 
approaches  to  analyzing  the  water  adsorption  process  on  activated  carbons  are 
considered.  These  are  the  stage  model  approach  and  the  equilibrium  theory 
approach.  In  both  cases  a  mathematical  model  is  used  to  describe  the  dynamic 
behavior  of  water  vapor  challenging  a  bed  of  activated  carbon.  Three  breakthrough 
experiments  are  performed  that  result  in  three  different  types  of  waves.  The 
characteristics  of  each  wave  type  and  their  impact  on  filter  performance  are 
discussed. 

2.  THEORY 

2.1  Material  and  Energy  Balances. 

The  equations  to  describe  water  adsorption  on  activated  carbon  should 
include  material  and  energy  balances  as  well  as  the  equilibrium  relationship.  The 
easiest  way  to  develop  these  equations  is  to  describe  the  bed  as  consisting  of  a  solid 
phase  and  a  vapor  phase.  The  stationary  (solid)  phase  consists  of  the  solid  porous 
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particles  and  the  adsorbate.  The  vapor  phase  consists  of  the  inert  carrier  gas  and 
the  adsorbable  vapor  in  both  the  intersticies  of  the  bed  and  the  pores  of  the 
particles. 


The  governing  differential  equations  for  the  conservation  of  mass  and 
energy  respectively,  neglecting  dispersion  and  channeling,  of  a  fixed-bed  adsorber 
can  be  written  as  follows: 


dvc  dc 

‘lh  +  ‘aT 


^(vpfhq  d(pfhf) 

‘~<h~  +  ‘ ~nr 


o 

II 

£ 

(1) 

ah, 

Pb-“-  =  -UAT 

(2) 

The  fluid  phase  and  stationary  phase  enthalpies  are  defined  by: 

=  cf(T  “  Tref) 


(3) 


h,  —  (c,  +  c,q)(T  T^)  ^  dq 


M 


Here  c  is  the  vapor  concentration,  q,  the  adsorbed  phase  concentration  in  moles  of 
adsorbate  per  unit  mass  of  adsorbent,  T,  the  temperature,  x,  the  distance  down  the 
tube  length,  t,  the  time,  <,  the  void  fraction  of  the  bed,  and  U,  the  overall  heat 
transfer  coefficient  of  the  filter  tube. 

The  rate  at  which  material  is  transferred  from  the  passing  vapor  stream  to 
the  surface  of  the  carbon  is  governed  by  a  film  mass  transfer  resistance  which  can 
be  written  as  follows: 


=  (MHc-c*5  (5) 

Equation  5  assumes  Glueckaufs  linear  driving  force,  where  c*  is  the  vapor  phase 
concentration  at  the  surface  of  the  particle. 

Dimensionless  variables  can  be  introduced  to  simplify  equations 

l,  2,  5: 
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r  = 


€V0t 
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(  = 


i_ 
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(6,7,8) 


IT 


2  U  L 
«  vo  n 


(9) 


(k¥a)' 


(10) 


The  choice  of  the  dimensionless  parameter  r  has  special  physical 
significance.  It  represents  the  number  of  superficial  column  volumes  that  have  been 
fed  to  the  bed  at  any  given  time. 

In  evaluating  solutions,  parameters  appearing  in  equations  1,  2,  and  5  can 
be  treated  as  functions  of  concentration  and  temperature.  However,  to  simplify  the 
development,  several  assumptions  can  be  made,  namely: 

(a)  all  heat  capacities  are  constant  with  mean  values  taken. 

(b)  the  vapor  phase  is  ideal  and  the  effect  of  composition  on  the  vapor- 
phase  density  and  velocity  is  small. 

(c)  the  adsorption  process  considered  here  occurs  at  low  gas  phase 
concentrations  so  that  the  effect  on  velocity  and  density  is  negligible. 

Thus,  the  dimensionless  velocity  and  the  fluid  density  can  be  written  as: 


(11,12) 


For  adsorption  processes  involving  gases  at  low  to  moderate  pressures 
(which  would  be  typical  of  all  air  purification  applications)  the  rate  of  accumulation 
in  the  vapor  phase  is  small  compared  to  the  accumulation  in  the  solid  phase.  This 
leads  to  the  elimination  of  the  second  term  in  equations  1  and  2.  The  system  of 
governing  differential  equations  may  then  be  expressed  as- 


d(v*c)  dq 

a r  + 


0 


(13) 
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d( 


+  /V 


=  -U’AT 


=  ~  C' 


Equations  13,  14,  and  15  are  three  independent  equations  with  four 
dependent  variables  (c,  c',  q,  T).  Another  equation  is  required  in  order  to  specify 
the  system,  namely  the  adsorption  equilibrium  relationship: 

q  =  f(c\T)  (16) 

The  solution  to  equations  13  -  15  wi  l  16  requires  the  imposition  of 
appropriate  initial  and  boundary  conditions.  For  systems  considered  here  the  initial 
bed  state  and  the  feed  concentration  are  constant  throughout  the  experiment. 
Mathematically  this  can  be  expressed  as: 


and  T  =  T„ 


c  =  c0  and  T  =  T0  at  r  =  0  for  0  <  f  <  1 
€  =  and  T  =  at  f  =  0  for  all  r  >  0 


Two  approaches  are  taken  to  solve  the  governing  set  of  differential 
equations,  13  -  15,  with  16:  the  stage  model  and  equilibrium  theory.  The  stage 
model  is  more  flexible  and  can  easily  treat  systems  with  non-constant  initial  and 
boundary  conditions.  Generally,  equilibrium  theory  is  more  insightful  about  the 
nature  of  the  adsorption  waves,  however,  it  cannot  be  used  where  mass  and  heat 
transfer  effects  must  be  considered.  Doth  techniques  are  presented  here  in  order  to 
gain  a  complete  understanding  of  the  process. 


Stage  N 


mroarh. 


Equations  13  -  15  when  coup^-d  with  the  equilibrium  relationship  16  can 
be  reduced  to  a  set  of  ordinary  differei  *1  equation*  using  a  stage  model 
approach.*’3  Each  stage  is  considered  be  well  mixed  with  the  effluent 
concentration  and  temperature  of  stage  i  used  as  the  feed  concentration  of  stags 
i+  1.  Friday  and  LeVan4  have  reported  a  successful  method  for  reducing  the  partial 
differential  equations  13  -  15  to  ordinary  differential  equations  by  writing  the  spatisl 
derivatives  ii  'quation*  13  and  14  in  rtnite  difference  form  using  backward 
difference*. 
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dcjj 

dr 


1 


-  v  c 


(18) 


£Ti 

dr 


__I_  *£ i(T._ 

pv,(C,  +  C%Qj)  |  Af 


Ti) 


~  *>b!c»(Ti-Trrf)  -  Aj]~-  -  U'AT 

dr 


(19) 


The  resulting  equations  iS  and  19  are  solved  using  a  Runge-Kutta  4th  order 
integration  algorithm  with  twenty  stages. 

2.3  Equilibrium  "Theory . 

The  development  of  the  equilibrium  theory  solution  requires  the  mass  and 
heat  transfer  resistances  to  be  negligible.  Therefore,  the  driving  force  terms  on  the 
right  side  of  equations  14  and  15  are  set  to  zero. 

The  equilibrium  theory  solution  to  13,  14  and  16  requires  the  use  of  the 
niethod  of  characteristics  that  has  been  presented  by  numerous  authors.^"10  If 
concentration  of  the  material  in  the  bed  can  be  expressed  as  a  function  of  distance 
*nd  time  by, 


c  =  f(f.r)  (20) 

then  the  total  differential  of  c  can  be  written  as: 

dc  -  ~  df  4-  “dr  (21) 

df  dr 

The  solution  along  regions  of  constant  concentration  require  that  dc  0  so  that 
equation  19  tan  be  rearranged. 


:  .  _  *1*L 

dr  Jc/df 


(22) 


Now  the  material  balance  equation  13  can  be  rewritten  when  the  equilibrium 
relationship  16  is  substituted  for  the  partial  of  q  with  respect  to  time. 
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Equation  23  can  be  rearranp-.d  into  a  form  compatible  with  the  right  hand  side  of 
equation  22. 


dc/dr  _  _1_  d(v*c) 
dc/df  p^  dq 


When  equation  24  is  substituted  into  equation  22  the  following  expression  for  the 
characteristic  direction  is  obtained. 


d£  _  _1_  d(v'c) 
dr  ^  dq 


(25) 


The  left  hand  side  of  equation  25  represents  the  speed  with  which  a  given 
concentration  travels  down  the  bed,  while  the  right  hand  side  of  equation  25  is 
the  slope  of  the  equilibrium  relationship. 

The  energy  balance  when  written  without  the  heat  transfer  resistance 
takes  the  following  form: 


d(v*Prhf) 

* 


+ 


0 


(26) 


Using  the  same  procedure  aa  for  the  material  balance,  the  characteristic 
equation  takes  the  following  form: 


d£  _  _1_  d(v*Pfh<) 
dr  ^  dh. 


(27) 


The  material  and  energy  balances  can  be  combined  for  the  initial  value 
problem  to  provide: 


L  —  dq 
?  ^  d(v*c) 


=  Pb 


dh. 


d(v*pfh() 


(28) 


The  two  enthalpy  terms  on  the  right  of  equation  28  can  be  written  as 
functions  of  q  and  T.  Thus  equation  28  can  be  rearranged  in  terms  of  the 
directional  derivative  dqy  dT  to  take  the  following  form: 


d(v  c)  dh. 

r  12  r 

dq  dq 

,dTJ  1 

d(v  c)  d(v  c)  dh^ 

dq  dT  +  dT  ~d^ 


d(v‘prh() 

dT 


+  =  o 


dT 


dT  dT 


(29) 


Equation  29  is  a  quadratic  in  dq/dT.  The  two  solutions  correspond  to  the 
characteristics  emanating  from  a  given  point  of  c,  q,  and  T.  By  starting  from  the 
initial  and  feed  conditions  the  solution  to  equation  29  is  obtained.  The  resulting 
siopes  are  then  plotted  in  the  hodograph  planes  of  q  versus  T  and  the  q  versus  v  c 
until  the  characteristics  intersect.  Implementation  of  equilibrium  theory  to  obtain 
the  breakthrough  curves  requires  adherence  to  two  rules.  A  wave  must  be  gradual 
if  possible.  Slopes  in  the  v  c  plane  must  increase  from  initial  bed  condition  to  feed 
condition.  If  the  slope  of  the  characteristic  does  not  increase  continuously  in  going 
from  initial  to  feed  conditions  then  the  larger  concentrations  would  overrun  the 
smaller  concentrations.  This  is  an  impossible  situation.  Earlier  studies  by 
Devault11  and  Lax12  showed  that  these  conditions  result  in  the  formation  of  a 
shock.  The  shock  path  must  satisfy  the  material  and  energy  balances  as  given  by 
the  following  relationship: 


L  -  Aq  _  Ah« 

f  **  A(v’c)  ^  A(v*/jfhf) 

This  is  similar  to  equation  28  except  that  here  a  chord,  rather  than  the  slope  of  the 
characteristic,  is  used  to  determine  the  speed  of  the  wave  in  the  bed. 


3.  MATERIALS  AND  METHODS 

The  apparatus  used  for  the  breakthrough  experiments  is  shown  in 
Figure  1.  Air,  used  as  the  carrier  gas,  passes  through  a  molecular  sieve  dryer  and  a 
carbon  filter  to  remove  water  and  organics.  The  main  metering  valve  regulates  the 
flow.  After  the  clean  air  passes  through  the  flowmeter,  a  portion  of  the  stream  is 
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saturated  in  a  water  bath.  The  desired  relative  humidity  is  achieved  in  the 
following  manner.  The  metering  valve  and  the  bypass  valve  are  set  such  that  the 
ratio  of  the  their  flows  produces  a  relative  humidity  near  the  desired  value.  The 
humidity  analyzer  and  controller  (EGA:G  911  Digital  Humidity  Analyzer)  measures 
the  relative  humidity  of  the  feed  stream  based  on  the  temperature  of  the  feed 
stream.  If  the  relative  humidity  is  below  the  setpoint,  the  water  bath  heater  is 
activated.  Since,  it  is  a  simple  on-off  controller  with  no  cooling  action,  the  initial 
setting  of  the  bypass  flow  must  produce  a  lower  than  desired  RH.  The  humidified 
air  flows  through  the  carbon  bed  and  the  effluent  relative  humidity  is  measured  by 
a  second  EG&G  humidity  analyzer.  Periodically  during  each  breakthrough  run  the 
bed  was  removed  from  the  flowing  air  stream  in  order  to  weigh  it. 

The  carbon  sample  used  was  12x30  mesh  BPL  Lot  #7502.  Calgon 
literature  states  that  the  bulk  density  of  the  carbon  is  480  kg/m3.  The  particle 
diameter  is  taken  to  be  0.001  m.  The  sample  for  each  experiment  is  dried  for  at 
least  two  days  at  110  °C.  The  carbon  is  then  poured  into  a  0.0415  m  diameter 
plexiglass  tube  to  give  a  bed  depth  of  approximately  4  cm.  The  overall  heat 
transfer  coefficient  of  the  plexiglass  is  taken  to  be  0.093  kJ/m2  K  s. 

4.  RESULTS  AND  DISCUSSION 

4.1  Water  On  Activated  Carbon. 

The  breakthrough  concentration  and  temperature  have  been  measured 
using  the  following  feed  and  initial  bed  conditions:  50%  RH  feed  to  a  clean  bed,  80% 
RH  feed  to  a  bed  equilibrated  at  50%  RH,  80%  RH  feed  to  a  clean  bed.  These 
conditions  have  been  chosen  to  illustrate  the  three  different  wave  types  that  can  be 
formed  in  an  adsorption  bed.  Rhee  ct  al.  describe  the  three  wave  types  as 
gradual,  abrupt  and  combined  in  their  equilibrium  theory  analysis.  The  important 
features  of  each  are  discussed  as  each  experiment  is  analyzed.  Table  1  is  a  summary 
of  the  operating  conditions  for  each  experiment.  Table  2  lists  the  heat  capacity 
values  used  in  this  study. 
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TABLE  1.  Breakthrough  Experiment  Conditions 


Experiment 

Feed 

Initial  Bed  Conditions 

V 

Tamb 

RH% 

T(K) 

RE% 

T(K) 

Carbon(g) 

(m/sec) 

(K) 

1 

50 

298 

0 

297.5 

23.96 

.0616 

297.5 

2 

80 

297 

50 

297 

23.96 

.0616 

297 

3 

80 

298 

0 

298 

25.85 

.123 

298 

TABLE  2.  Heat  Capacities 


=  1.04  kJ/kg  K 
cg  =  2.7  kJ/kg  K 


=  0.075  kJ/kg  K 
=  298°  K 


In  order  to  implement  the  stage  model  and  the  equilibrium  theory  model 
the  form  of  the  equilibrium  relationship  must  be  established.  It  is  proposed  that  a 
modification  to  the  H acs k ay lo- LeVan  isotherm13  would  give  a  reasonable  fit  to  the 
data.  The  form  of  the  equation  is  as  follows: 


In  (p) 


A'  - 


B' 

C'  +  T 


(31) 


where 

A'  a  A  +  (Kl#  +  l)ln(#)  B'  a  B  C*  =  C  +  K2(l  -  *)  (32) 

and 
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(33) 


9  = 


A  =  RT2 


ain  (P) 

cfl 


q 


RT1 


B' 

(C'  +  T)2 


(34) 


The  following  values  are  used  for  water  adsorption  on  BPL: 

A  =  18.3036  B  =  3816.44  C  =  -46.13 

K1  =  2.56  K2  =  37.9  q^  =  0.0217 

The  Antoine  parameters,  taken  from  Reid  et  al.,14  give  the  vapor  pressure 
in  millimeters  of  mercury.  The  isotherms  of  water  on  BPL  have  been  measured 
previously  by  Mahle  and  Friday15  over  the  temperature  range  15  -  35  °C.  Only 
adsorption  data  is  considered  here;  desorption  is  not  considered.  The  result  of 
correlating  the  adsorption  data  using  equations  31  -  33  is  presented  in  Figures  2  and 
3  in  the  modified  isotherm  plane  of  q  versus  v  c.  Figure  3  is  an  enlargement  of 
Figure  2  in  the  low  loading  region. 

The  value  of  ky,  the  mass  transfer  coefficient,  can  be  calculated  using  the 
Sherwood  number  correlation  of  Rans  and  Marshall.16  Calgon  literature  indicates 
that  an  appropriate  value  for  a,  the  surface  to  volume  ratio,  is  3400  m'1. 

4.2  Breakthrough  of  50%  RH  Feed  To  A  Clean  Bed. 

The  breakthrough  results  for  a  challenge  of  50%  RH(0.628  mol/m3  at 
208  K)  air  to  clean  bed  correspond  to  a  region  of  the  isotherm  that  is  unfavorable 
for  adsorption.  The  effluent  concentration  and  temperature  are  plotted  as  a 
function  of  time  in  Figure  4.  The  e/fiuc.V.  concentration  versus  time  curve  is  typical 
of  a  gradual  wave.  The  breakthrough  curve  is  concave  downward  to  the  time  axis. 
After  a  short  period  of  t  me,  *n  appreciable  percentage  of  the  feed  concentration  is 
seen  in  the  effluent.  The  tempc .  attire  rrrponae  is  also  typical  of  a  gradual  wave. 

The  temperature  quickly  rises  to  *  maximum  (in  this  case  about  305  °K)  and  then 
falb  gradually  back  to  >’•<•  feed  temperature. 

Construction  of  toiutiona  'uing  equilibrium  theory  requires  the  use  of  the 
two  rules  stated  earlie..  A  wave  will  be  gradual  if  possible.  Slopes  in  the  q  versus 
v  c  plane  must  increase  from  initial  to  feed  conditions.  There  are  two  sets  of 
characteristics  correrpc.nding  to  two  rootr  of  the  equation  29.  The  two 
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characteristic  curves  are  required  in  order  to  obtain  the  path  that  connect  any 
initial  condition  to  any  feed  condition.  The  1  wave  is  the  first  wave  to  leave  the 
bed,  therefore  it  must  be  the  wave  connected  to  the  initial  condition  while  the  2 
wave  is  connected  to  the  feed. 

The  slope  of  the  1  characteristic  on  the  q  versus  v*c  plane  is  decreasing 
from  the  initial  condition,  a  clean  bed.  This  means  there  will  be  a  shock  path  that 
leaves  this  point.  This  is  shown  as  the  bottom  dotted  line  in  Figure  2  and  the 
upper  dotted  line  in  Figure  3  emanating  from  the  origin.  The  2  wave  that  connects 
the  feed  condition,  50%  RH,  has  a  constantly  increasing  slope  from  initial  to  feed 
condition  corresponding  to  a  gradual  wave  represented  by  the  bold  solid  line  in 
Figures  2  and  3.  The  point  where  the  shock  from  the  initial  condition  and  gradual 
wave  meet  can  be  found  by  stepping  out  in  temperature  along  each  path  using 
equations  29  and  30  until  they  intersect.  This  corresponds  to  a  plateau 
concentration.  Figures  2  and  3  make  it  easy  to  visualize  how  the  solution  path  cuts 
across  isotherms  producing  a  temperature  wave. 

There  is  very  close  agreement  between  the  stage  model,  the  equilibrium 
theory  model,  and  the  data  as  seen  in  Figure  4.  The  equilibrium  theory  solution 
does  predicts  a  larger  temperature  rise  than  the  stage  model.  This  is  expected 
because  equilibrium  theory  assumes  adiabatic  behavior.  The  actual  recorded 
temperature  does  not  reach  as  high  as  the  prediction  because  during  the  first 
minutes  of  the  run  the  sample  tube  was  periodically  taken  off  line  so  that  the  water 
uptake  could  be  recorded.  Note  that  both  the  concentration  and  the  temperature 
wave  travel  with  the  same  velocity  as  seen  in  Figure  4.  This  is  predicted  by 
equilibrium  theory  using  equation  28. 

A  preliminary  study,  using  only  isothermal  equilibrium  theory,  did  not  fit 
the  data  indicating  that  the  effect  of  temperature  is  very  important  to  this  process. 
There  is  a  gradual  wave  associated  with  the  low  RH  for  the  isothermal  case. 
However,  the  shock  associated  with  temperature  tends  to  overrun  these  gradual 
wave  characteristics  in  the  adiabatic  case  leading  to  a  shock  in  temperature  and 
concentration.  Note  that  because  the  water  isotherm  is  unfavorable  at  lower  RH 
these  low  concentrations  tend  to  run  out  of  the  column  quickly.  The  large 
temperature  rise  associated  with  the  1  wave  haa  the  effect  of  removing  water  from 
the  bed  that  was  just  adsorbed  at  the  lower  temperature.  This  increases  the 
required  time  for  complete  saturation  of  the  bed.  It  appears  that  isothermal 
adsorption  would  provide  a  faster  means  of  achieving  saturation. 
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Breakthrough  of  80%  RII  Feed  To  Bed  Equilibrated  At  50%  RH. 


The  water  isotherm  is  favorable  between  50%  RH (0.628  mol/m3  at  298°K) 
and  80%  RH(  1.001  mol/m3  at  298°K)  as  seen  in  Figure  2.  This  is  the  typical  shape 
of  an  adsorption  isotherm,  and  one  could  expec*  the  standard  S-shaped 
breakthrough  curve.  Figure  5  shows  the  results  of  an  80%  RH  feed  to  a  bed 
initially  equilibrated  at  50%  RH.  Although  the  shape  of  this  curve  is  not  very 
sharp,  the  breakthrough  behavior  does  follow  an  S-shaped  pattern. 

This  S-shaped  pattern  is  called  an  abrupt  wave  or  a  constant  pattern 
wave.  This  means  that  at  a  certain  distance  into  the  bed,  the  shape  of  the 
concentration  front  does  not  change  as  the  wave  is  transmitted  down  the  bed. 

There  is  also  an  initial  shock  characterized  primarily  by  a  temperature  rise. 

Referring  back  to  Figure  2,  the  2  characteristic  emanating  from  the  feed  of 
80%  RH  and  the  1  characteristic  from  the  initial  concentration  of  50%  RH  both 
violate  the  gradual  wave  criterion.  The  slopes  of  these  waves  decrease  from  initial  to 
feed  conditions,  therefore  each  of  these  wr.ves  must  start  as  a  shock.  The 
equilibrium  theory  solution  then  requires  that  equation  30  be  solved  from  both  the 
initial  and  feed  conditions  until  they  intersect,  while  at  each  increment  checking  to 
see  whether  the  slope  of  the  gradual  wave  is  continuing  to  violate  the  gradual  wave 
criterion.  The  intersection  point  leads  to  a  plateau  condition.  This  path  Is  close  to 
having  a  gradual  portion  because  it  is  so  close  to  the  inflection  point  of  the 
isotherm.  However,  the  adiabatic  nature  of  this  system  results  in  the  formation  of 
two  shocks. 

The  simulation  provided  by  the  stage  model  and  equilibrium  theory 
represent  the  data  well  for  this  run.  The  resulting  breakthrough  behavior  is  shown 
in  Figure  5.  Equilibrium  theory  provides  a  *  ry  accurate  measure  of  the  center  of 
both  the  concentration  and  temperature  waves.  The  plateau  region  between  the 
two  shock  fronts  is  apparent  in  the  data.  Again  the  temperature  rise  measured  in 
the  experiment  is  reduced  due  to  sampling  of  the  uptake  weight  of  the  bed.  The 
effect  of  the  mass  and  heat  transfer  resistances  in  the  stagemodel  becomes  obvious 
in  the  shock  portion  of  the  breakthrough  curves.  These  resistances  tend  to  spread 
out  the  shock  wave  in  an  actual  experiment. 

4  4  Breakthrough  of  80%  RH  Fred  To  A  Clean  Bed. 

The  water  Isotherm  changes  from  unfavorable  to  favorable  between  50% 
RH  and  80%  RH.  The  effect  of  this  inflection  in  the  isotherm  should  be  apparent 
on  the  breakthrough  behavior.  Figure  6  shows  the  breakthrough  data  measured  for 
80%  RH  feed  to  &  clean  bed.  Notice  that  the  resulting  breakthrough  curves  of  both 
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temperature  and  concentration  are  essentially  a  combination  of  the  first  two 
experiments.  The  only  difference  is  the  faster  flow  rate  (10  1/min  as  opposed  to  5 
1/min). 


The  equilibrium  theory  solution  path  is  characterized  by  an  initial  1  wave 
shock  as  in  .he  run  with  50%  RH  feed  to  a  clean  bed,  the  lower  dotted  line  in 
Figure  3.  There  is  also  a  shock  emanating  from  the  feed  as  in  the  run  with  80%  RH 
feed  to  a  bed  equilibrated  to  50%  RH.  However  there  is  a  third  transition.  As  the 
isotherm  changes  from  favorable  to  unfavorable  a  combined  wave  is  formed  that 
shows  both  shock  and  gradual  wave  behavior,  Figure  2.  It  is  possible  to  identify 
this  as  a  combined  transition  because  it  does  not  have  a  plateau  region  where  the 
two  waves  unite.  There  is  a  portion  of  the  gradual  wave  for  80%  RH  feed  to  clean 
bed  that  parallels  the  shock  path  for  80%  RH  feed  to  a  bed  equilibrated  at  50%RH. 
The  two  runs  are  not  identical  over  the  same  range  of  RH.  This  result  only 
becomes  apparent  in  the  adiabatic  analysis. 

The  shape  of  both  the  concentration  and  temperature  profiles  agrees  with 
the  stage  model  and  equilibrium  theory  predictions.  The  subtle  shape  of  the 
combined  transition  is  not  obvious  from  the  data.  Equilibrium  theory  allows  this 
combined  transition  to  be  identified. 

5.  CONCLUSIONS 

•  The  three  types  of  waves  that  can  be  formed  in  and  passed  through  an 
adsorption  bed  are  demonstrated  both  mathematically  and  experimentally. 

•  The  stage  model  seems  to  fairly  represent  the  breakthrough  using 
correlated  equilibrium  data  and  a  priori  calculated  rate  parameters. 

•  Equilibrium  theory  allows  the  exact  nature  of  the  transitions  to  be 
explored. 

•  The  inability  of  equilibrium  theory  to  be  used  with  heat  and  mass  transfer 
resistances  leads  to  some  discrepancy  between  this  method  and  the 
experimental  results. 
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=  surface  to  volume  ratio(m**) 

=  Antoine  equation  parameters'^  in  mm  Hg) 

=  gas  phase  concentration  of  water(moi/m  ) 

=  gas  phase  concentration  of  water  in  the  pellet(moi/m  ) 
=  heat  capacity  of  adsorbed  phase(kJ/kgK) 

=  heat  capacity  of  gas  phase(kJ/kgK) 

=  heat  capacity  of  solid  phase(kJ/kgK) 

=  enthalpy  of  gas  phase(kJ/kg) 

=  enthalpy  of  solid  phase(kJ/kg) 

=  mass  transfer  coefficient(m/8  Ref.  16) 

=  coefficients  of  water  adsorption  isotherm,  Eq.  (32) 

=  length  of  bed(m) 

=  partial  pressure  of  water(Torr) 

=  solid  phase  concentration(mol/kg) 

=  solid  phase  concentration  at  saturation(mol/kg) 

—  inner  radius  of  filter  tube(m) 

=  gas  constant 

=  time 

=  temperature(K) 

=  temperature  of  feed  gas(K) 

=  heat  capacity  reference  temperature(K) 

=  overall  heat  transfer  coefficient  of  filter  tube(kJ/m^Ks) 
--  interstitial  velocity(m/s) 

=  interstitial  velocity  of  feed(m/s) 

=  axial  distance  coordinate(m) 

=  void  fraction  of  packing 
=  dimensionless  axial  coordinate,  Eq.  (7) 

=  fractional  saturation  of  the  bed 
=  heat  of  &dsorption(kJ/mol) 

=  bulk  density  of  packing(kg^ra^) 

=  density  of  gas  phase(kg/rn  ) 

=  density  of  inlet  gas  (kg/m  ) 

—  dimensionleM  time,  Eq.  (6) 
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Figure  2  Path  In  Modified  Isotherm  Plane 

ST'JRH,  80/IRH  Feed  To  Clean  Bed 
And  80/IRH  Feed  To  50''.RH  Bed  Of  BPL 
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Figure  3  Enlargement  Of  Path  In  Modified  Isotherm  Plane 

SOuRH,  80 ’KRH  Feed  To  C  *  can  Bed  Of  BPL 
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Detection  of  Hazardous  Vapors 


Surface  aomwWc  wava  (SAW)  totooaw  Osaka*  asm  atoirttotoy 
exn>wn«  materials  ara  Iwtog  WvwetagaaeX  aa  eaoitoor*  tor 
peraormat  eatoty  where  iitirilw  to  haiantov  rap  are  It  re¬ 
quired  at  sub  part-par  itotoon  eBwcetorwtoim  to  mutant  air 
Wto  caw  oontato  totarteranose  ad  aart  H&m  ooncatortotoww. 
A  eet  to  ton  SAW  tovteww  oaatad  wtto  patyWnr  malarfito 
illicit  to  into* act  w«to  toWwrawt  vapor  prepirS«<  hwa  been 
uaad  to  datoot  herarttov*  rap  are  by  predpatos  unique  (to- 
gerpetota  to  repraaato  a  strew  vapor.  Th*  owwRnga  wore  ex¬ 
posed  to  (daw  toiSvtowt  vapare  wad  (w  owmpwnm*  mtxtarsw 
ct  tea  vapors  r»prt»3ivttos  Jtoarawt  ctowfcd  teas**  and 
ooaaoeetretton*.  and  thw  'lartong  data  watoi  waa  tombed  by 
intng  pattern  rcoognMon  aaaPvode  (tour  to  tow  nototoqw  wore 
oommon  w  a  previous  toudy,  and  (tvatr  reapanaaa  to  W*  ton<pe 
vapore  arere  used  aa  a  pretSoPae  out  to  toat  to*  rtaiWloWn 
oepaett#  at  a  toa  PaartodwaW  Paretopad  to  that  duty.  U 
•*  to*  vapare  wore  oorreoPy  toantotod,  aaeopt  water,  toto 
ctpat  oorepananto  anatyato  and  ctretortof  waWoda  arere  ap- 
ppad  to  Itva  reaponaaa  at  We  eatotopa  to  ad  Wo  vapore,  to 
ctodtos  mbrturea.  TWO  todMPoat  vapore  ctwator  tola  «pocdto 
restore  to  apace,  red  We  otorttoa  to  to  Wo  sroan  botwoon 

redore  to  totod  We  reawPaa  to  aareare  waooaaary  to  toatWPy 
Wa  hiiatoa  vapare  to  Wa  praaaataa  to  mtxtorep 


INTRODUCTION 

Great  demands  hare  booa  plecod  on  touc  vapor  dotertnre 
bor-atJM  dotertion  o (  rub-part  par  million  ronoont/rUona  la 
ror| uirod  in  ambiant  conditiona  whare  intarforoncae  can  be 
prooant  at  much  hifhar  toncanUaliona.  In  addition,  (Void 


inatnuBaota  tbould  bo  amell,  portable,  and  inaxpenaive.  It 
would  also  bo  odventecooua  to  hare  an  inotrument  that  could 
bo  adapted  to  many  detection  problem*.  Few  inatrumente 
bare  the  n  acorn  ary  aanaitivity  and  aalactivity,  while  main- 
taioins  the  tmall  tixa  needed  in  the  Held.  Microelectronic 
cbamical  oeoaore  treat  the  ilxa  requirement,  can  be  very 
eanaitire,  and  can  ihow  3  to  4  order*  of  magnitude  eeiectivity 
between  toxic  vapors  of  interest  and  common  interferenta. 
N  avert  hr  low,  there  capabilities  may  be  insufficient  if  the 
interfered  coooaotreUooe  are  orders  of  magnitude  greater 
than  the  vspor  concentrations  that  muat  be  detected. 

Pattera  leoogmtm  technique*  in  conjunction  with  an  array 
of  »* neon  is  a  promising  approach  to  this  type  of  analytical 
problem.  This  approach  has  bean  applied  to  vapor  reepooee 
data  from  electrochemical  eeneore  (/),  to  the  (election  of 
coating*  for  pieeoalectnc  crystal  eeneore  (2),  and  to  the  study 
of  ooetwp  and  identification  of  vapore  using  vurface  acoustic 
ware  (SAW)  devices  (J).  In  th*  latter  ftudy,  the  clustering 
of  vapors  demonstrated  that  vapor  solubility  properties,  such 
ae  hydrogen  bonding,  ware  important  in  determining  how  the 
sacaors  respond.  In  a  recent  paper  by  Carey  and  co-worker*, 
multiple  linear  regression  and  partial  least-squares  calibration 
techniques  war*  used  to  measure  the  concentration  of  two- 
and  three-component  mixture*  by  an  array  of  nine  pieaoe- 
lectnc  crystal  (Snanra  (4).  The  goal  of  our  present  work  is  the 
deter  lino  of  a  single  vapor  or  class  of  vapors  in  a  complex 
environ  meat,  rather  than  the  identification  of  the  different 
component*  of  th*  targe  number  of  mixtures  possible  in  the 
environment.  Our  (pacific  objective  is  the  detection  of  toxic 
org (oophoaphorue  compounds. 

Sever*!  reea  i  groups  ere  investigating  SAW  device*  for 
toxic  vapor  detection  because  of  their  (mail  sir*  and  excellent 
sensitivity  (J,  5  21).  Thee*  planar  microaemiore  ronmst  of 
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iruerdigital  transducers  that  are  microfabricated  onto  the 
surface  of  a  piezoelectric  substrate,  such  as  quartz.  The 
transducers  convert  an  applied  radio  frequency  (rf)  voltage 
into  a  Rayleigh  surface  wave  when  placed  in  an  oscillator 
circuit  Chemical  sensitivity  is  provided  by  a  thin  film  coating 
of  a  selectively  sorbent  material.  Vapors  sorbed  into  the 
coating  increase  its  mass  and  perturb  the  Rayleigh  wave.  This 
perturbation  is  detected  electronically  as  a  shift  in  the  fre¬ 
quency  of  the  oecillator  circuit  The  principles  of  operation 
are  described  in  detail  in  ref  7.  The  sensitivity  and  selectivity 
of  the  response  are  dependent  upon  the  vapor/coating  in¬ 
teractions.  The  sorption  of  vapors  by  a  SAW  sensor  coating 
and  the  solubility  interactions  between  the  vapor  and  the 
coating  are  discussed  in  detail  in  ref  5. 

An  instrument  comprised  at  an  array  at  SAW  sensors  would 
be  designed  with  a  different  coating  on  each  sensor,  and  each 
coating  would  be  selected  to  respond  differently  to  s  set  of 
vapors.  The  combination  of  sensors  selected  to  interact  with 
different  chemical  properties  would  produce  a  unique  fin¬ 
gerprint  for  each  vapor.  The  sensors  encode  chemical  in¬ 
formation  about  the  vapors  in  a  numerical  form,  which  can 
be  analysed  with  pattern  recognition  methods.  Each  sensor 
defines  an  axis  in  a  multidimensional  space.  Vapors  can  be 
represented  as  points  positioned  in  this  specs  according  to 
sensor  responses.  Vapors  that  produce  similar  responses  from 
the  set  of  costings  will  tend  to  be  represented  by  points  that 
cluster  near  one  another  in  the  multidimensional  space. 
Pattern  recognition  usee  multi  variate  statistics  end  numerical 
analysis  to  investigate  such  clustering  and  to  elucidate  rela¬ 
tionships  in  multidimensional  data  seta.  By  use  of  supervised 
learning  techniques,  a  discriminant  can  be  developed  to  dis¬ 
tinguish  between  toxic  vspors  of  interest  end  interfsrents. 
This  type  of  instrument  can  be  adapted  to  specific  detection 
problems  by  the  choice  of  the  discriminant  developed  or  by 
selecting  different  coatings  for  the  stray  and  developing  tbs 
appropriate  discriminant. 

In  a  previous  study  conducted  in  our  laboratory,  ■  large  date 
set  was  generated  by  using  U2-MHx  SAW  vapor  sensors. 
Pattern  recognition  techniques  were  used  to  analyze  the  re¬ 
sponses  cf  12  SAW  costings  to  11  vspors  at  various  concen¬ 
trations  (J).  The  vspors  were  divided  into  two  r lames-  class 
1,  vapors  of  interest;  class  2.  potential  interferences.  The 
□umber  of  sensors  needed  to  discriminate  between  vspors  of 
interest  and  the  interferences  wee  reduced  from  the  original 
12  to  4  by  pattern  recognition  data  analysis.  Several  com¬ 
binations  of  coatings  were  successful  in  the  classification. 

In  the  present  study,  158-MHx  SAW  devices  were  used  to 
generate  another  Urge  date  set  These  higher  frequency 
devices  have  a  greater  mess  sensitivity  and  are  smaller.  Each 
sensor  is  wire  bonded  on  s  conventional  12- pin  gold  TO- 8 
header,  for  ease  of  handling.  Ten  coatings  wars  examined, 
including  four  used  in  the  previous  study.  The  date  sat  in¬ 
cludes  tipoaurea  to  nine  single  vapors  at  vsnoua  concent/*- 
Urns,  pha  several  two-componsnt  mixtures  of  lbs  vapor*.  Tbs 
objectives  were  2-fold.  First,  ws  wanted  to  test  ths  classifi¬ 
cation  capability  of  the  discriminant  generated  in  the  previous 
study.  The  responses  of  the  sensors  coated  with  the  seme 
materials  tested  2  years  earlier  were  used  as  a  prediction  art 
Second,  we  wanted  to  investigate  the  clustering  of  seneor 
responses  in  a  date  set  including  both  single  vapors  and 
tnixturss  Th*e#  date  served  as  a  training  set  for  s  new  dis¬ 
criminant  able  to  identify  hazardous  vapors  wlian  present  in 
mixtures  containing  an  interfsrsnee  vapor  at  a  .  .inch  higher 
concentration. 

EXPERIMENTAL  HEfTION 

This  *tudy  was  conducted  in  two  stages:  It)  roller  t  ►  m  of  the 
date  and  ()>)  application  of  pattern  recxgmOm  analysis  methods 
to  the  rollected  date. 


Table  I.  Test  Vspors  and  Mixtures 
Class  1 

dimethyl  methylphoephonete  (DMMP) 

NAf-dimethyUcetamide  (DMAC) 

mixtures  of  each  class  1  vapor  with  each  class  2  vapor 

Class  2 

1,2-dichloroethane  (DCE) 

ester 

isocctane  (ISO) 
toluene  (TOLN) 
diethyl  sulfide  IDES) 

2-hutanooe  tBTN) 

1-butanol  tBTL! 

mixture*  of  water  with  each  class  2  vapor 
isooctane  with  each  class  2  vapor 
2-butanone  with  each  class  2  vapor 


Table  II.  Coatings 


FPOL 

fluoropolyol 

PEM 

poiy(«thyl*n*  aaleata) 

PECH 

poly(tpichiorobydrin) 

P  VP 

polyvinylpyrrolidone) 

EC  EL 

ethyl  cellulose 

PBOH 

poiyfbutadient)  hvdroxyleted 

PEI 

polyftthylenimine) 

PEPH 

polylathytens  phthalate) 

PFA 

poiyfiaoprsm/fluoro  alcohol) 

PIB 

poly  t  isobutylene ) 

Materials.  The  vapors  used  are  listed  in  Table  I.  Solvents 
for  ths  vapor  generation  were  commercial  materials  of  99%  or 
pretax  purity,  sxcept  diethyl  sulfide  (96%,  Aldrich)  and  dimethyl 
mithylphosphoneU  (97%,  Aldnch).  , 

A  list  of  the  coating  materials  and  the  abbreviations  used  in 
this  study  is  giveu  in  T able  II.  The  coating  materials  polytep- 
ichiorohydnn)  and  polyt isobutylene)  were  obtained  from  Aldnch. 
PoJyfvinylpyrrolidone)  wxs  purchased  from  Adtech.  PolyUlhy- 
leoimme)  and  ethyl  cellulose  were  acquired  from  Poiyeciencee. 
Pofyftihyitae  meleete)  was  prepared  as  deecriued  by  Snow  and 
Wohitjeo  (8).  FtuoropoJyoi  was  prepared  by  using  methods  de¬ 
scribed  by  Field  122).  Polyfethyiene  phthalete)  arts  prepared  from 
ph italic  anhydride  and  ethylene  glycol  as  described  in  ref  23.  The 
po lyfmjgirere/fluoro  alcohol)  anas  prepared  from  poly(S.4-tsopr*ne) 
and  sieves  hexaf. uorooce -me  as  described  in  ref  24,  where  it  is 
referred  toss  P1PFA1.  Polyf  butadisnel-hydroxylateJ  was  pre¬ 
pared  by  hydrolyzing  epoxidixod  poiy< butadiene)  with  aqueous 
IICI  in  banana.  Ths  pofylbutadwne)  used  wee  from  Polyeaenoee. 

SAW  Sea  sere.  T  he  158-MHi  dual  SAW  delay  lines  (Micro- 
seaaar  System,  Inc,  cf  Fairfax.  VA.  port  number  SEM58-A)  have 
bean  described  IS)  and  are  depicted  m  Figure  I.  The  rf  electronics 
modules  that  operated  the  devices  ware  described  in  the  seme 
reference.  One  delay  line  of  sech  dual  device  was  spray  mated 
with  t  dilute  solution  of  the  mating  material  in  a  volatile  solvent 
(usually  chloroform,  tetrehydmfuran.  or  a  mathanol/chloroform 
mixture)  as  deathed  in  ref  .1  and  6.  Coating  deposition  produced 
frequency  shifts  i4  2»  260  kilt,  which  were  recorded  and  used 
as  ■  measure  of  the  amount  of  coating  materuj  for  normal  nation 
and  comparison  of  data  (7).  The  uncos  ted  delay  line  acted  as 
s  reference  oscillator  to  provide  compensation  for  ambient  tem¬ 
perature  and  pressure  fluctuation*  The  low  frequency  difference 
Kgnal  between  the  u  none  ted  reference  delay  line  and  the  coated 
daisy  lina  was  monitored  during  the  vapor  txpneuree  (J.  5). 

Dele  Collect  tee.  Vapor  rUsams  were  generated  by  using  on 
automated  gas  handler  system  interfaced  with  an  Apple  lie 
microcomputer.  The  test  vvpnrz  eve  generated  from  bubblers 
or  permeation  tubes  and  diluted  In  kiv ,vm  concentrations  The 
gae  flow  rate  to  the  asnenre  woi  !U0  ml,/ mux.  This  experimental 
rystam  la  described  in  detzil  in  ref  26. 

Ths  temperature  at  the  sane,  vs  was  monitored  and  wne  typically 
.V>  *  2  *C.  The  eeneore  were  teeted  in  stays  of  four  connected 
to  the  vapor  itrsam  in  series.  Each  array  included  on#  fluoro- 
polyoi  <oeted  sensor  and  ' '  ree  other  coatings.  The  fluoro 
polyol  coated  sstieor  provided  e  <  heck  for  consistency  from  one 
array  to  another.  Each  array  we*  cipneed  to  nine  ningt*  vapors. 


ANALYTICAL  CHEMISTRY,  VOL  60,  NO  24.  DECEMBER  IS.  1988  •  2803 


Each  vapor  was  measured  at  four  concentrations,  with  each 
concentration  repeated  lour  tunes.  Two-component  mixtures  were 
generated  at  a  single  combination  of  concentrations  and  the  sensor 
responses  were  again  measured  four  times.  Typical  experiments 
consisted  of  repeated  exposures  of  air/ vapor/ air/ vapor /air. 
Sensor  exposures  were  3  min  long  with  at  least  6  min  of  recovery 
time  between  exposures.  The  difference  frequency  output  was 
usually  recorded  every  6  s  at  1-Hx  resolution.  Dimethyl  me- 
thylphosphonate  exposures  were  repeated  periodically  throughout 
each  vapor  test  set  to  check  for  consistent  sensor  performance. 
Some  of  the  sensors  were  repested  in  more  than  one  array. 
Poly(vinylpyTrolidone)  demonstrated  poor  reproducibility,  and 
a  good  data  set  including  mixtures  was  not  generated  with  that 
coating.  Tliis  coating  was  used  only  for  comparison  with  the 
pattern  recognition  study  reported  in  1986  (3). 

Responses  were  determined  from  the  equilibrium  vapor  sorpuon 
at  the  end  of  the  exposure,  as  described  in  detail  in  ref  5.  Each 
sensor  was  coated  with  slightly  different  amounts  of  material.  To 
enable  comparisons  of  one  coating  response  to  another,  the  re¬ 
sponse*  were  normalized  for  costing  thickness  by  dividing  by  the 
kilohertz  frequency  shift  observed  when  each  sensor  wsa  coated. 

Pattr:  n  Recognition.  The  normalized  tensor  responses  were 
organ i.  xi  into  two  data  matrices  for  analysis.  Tbs  two  exposures 
within  a  \apor  exposure  experiment  were  averaged.  A  104  x  4 
matrix  included  data  for  four  costings  exposed  to  the  nine  single 
vapors.  The  results  of  ail  the  single  vapor  exposure  experiments 
at  the  different  concentrations  were  included  These  four  coatir^s 
were  common  to  our  previous  study,  this  matrix  was  used  as  s 
set  of  unknowns  (s  prediction  set)  to  test  the  linear  discriminant 
developed  in  that  study.  The  second  matrix,  172  x  9,  included 
all  the  costings  tested  in  this  study,  except  polyi  vtnyipyrroddene), 
tasted  against  both  the  individual  vapors  and  the  nurtures.  At 
least  two  vapor  exposures  at  each  concentre  Lion  were  included 
in  the  data  sat.  Thu  matrix  was  first  examined  by  using  the 
normalized  data  as  collected  It  .-as  also  examined  after  correcting 
for  venations  observed  in  the  fluoropofycW  res  ponses  between  test 
array*. 

These  data  were  analyzed  on  a  VAX  1 1-750  computer  using 
pattern  recognition  routines  included  in  the  ADAPT  software 
system  <2S).  Each  row  in  each  matrix  is  a  pattern  vector,  rep- 
reeenting  responses  of  the  coatings  to  s  given  vapor /concentration 
experiment  The  pattern  vectors  were  normalised  by  dividing 
each  aeneor  reaponaa  by  tha  square  root  of  the  sum  of  the  squared 
sensor  responses  in  a  given  vapor  expanment  because  dividing 
the  sensor  responses  by  concentration  is  not  possible  for  a  field 
instrument  measuring  unknown*.  This  closure  method  «  pattern 
normalization  as  deem  bed  previously  (/).  Sensor  response*  can 
vary  by  orders  of  magnitude;  it  is  important  to  maka  them  more 
cwnp* tibia.  Autoacaiing,  a  preprocessing  method  that  scsJes  and 
norntahase  the  data,  a  useful  for  correcting  tha  ita  balance  between 
eenaors  and  doss  not  altar  the  basic  geometry  of  the  clustering 
126).  Earn  reaponaa  for  a  coating  was  than  sutoacaled  to  s  mean 
of  xero  and  a  standard  deviation  of  unity. 

Because  many  of  tha  available  sensor  coatings  encode  similar 
information,  coUmeantiee  between  sensor,  may  cause  numerical 
instabilities  in  tha  analysis  phase.  Multiple  linear  regression 
analysis  was  usod  to  uncover  multicollinear  relationship*  among 
tha  detector  responses  in  order  to  idrntify  the  imsllest  set  of 
sanaora  providing  the  largest  amount  of  relevant  information. 
Ones  a  tag  of  sensors  si  fund  that  non  tributes  unique  information, 
pattern  recognition  techniques  for  display,  mapping,  flustering, 
and  classification  were  employed,  the  methods  used  have  bees 
described  in  ref  1  and  3. 

RESULTS  AND  DISCUSSION 
SAW  He  *  so  r  Testing.  A  schematic  diagram  of  tha  dual 
delay  Una  SAW  device  is  given  in  Figure  1.  Sanaor  reaponaa 
data  ears  roll  acted  by  monitoring  the  difference  frequency 
hat  wean  Uie  re  a  ted  daisy  line  and  tha  unreatad  reference  delay 
Una.  When  tha  gaa  stream  over  tha  sensor  a  changed  from 
clean  sir  to  vapor-containing  air,  the  frequency  of  tha  coated 
delay  line  shifts  to  a  lower  value.  Tha  segativa  frequency  shift 
a  re  Is  ted  to  the  mass  of  the  vapor  sorlad  by  the  reeling  (7). 
Ideally,  the  reference  signal  does  not  change,  amt  tha  positive 
difference  signal  a  alao  related  to  the  maaa  of  vapor  sorbed. 


Figure  1.  158-MHz  SAW  dsvica  and  as&ocated  etactrooic  circuit 
diagram. 


However,  in  practice,  the  reference  signal  can  change  signif¬ 
icantly  in  response  to  vapor  exposures  (5).  Therefore,  the 
difference  signal  accurately  represents  vapor  sorption  only 
when  the  signal  change  on  the  coated  side  is  much  greater  than 
the  change  on  the  reference  aide.  This  condition  is  true  tor 
the  sorption  of  DMMP  by  fluoropolyol-coated  sensors  (5),  for 
example,  but  not  for  all  the  vapors  and  sensor  coating  ma¬ 
terials  reported  here. 

The  tensor  testing  results  are  presented  in  Table  III  as  the 
frequency  shift  observed  divided  by  the  fci'ohertz  of  coating 
on  the  sensor.  Each  number  is  the  average  of  (usually)  four 
measurements  at  that  vapor  concentration.  Negative  dif- 
ferencs  signals  were  observed  in  a  minority  cf  cases.  These 
occurred  most  frequently  for  the  coating  pqly(isobutylene), 
which  does  not  sorb  most  vapors  very  strongly.  The  vapor 
most  frequently  associated  with  negative  difference  signals 
is  water,  which  can  sorb  strongly  to  tha  glass  aurfnee  on  the 
reference  tide. 

Our  ipecific  objective  is  the  detection  of  toxic  o>-gano- 
p  bean  hocus  compounds.  These  strongly  hydrogen  bond  ac¬ 
cepting  vapors  are  simulated  by  using  less  toxic  dimethvl 
melhyiphoephonate  IDMMP)  and  NJV^limethylacetamide. 
DMMR  is  an  organophosphorus  compound,  and  both  simu¬ 
lants  L a  strong  hydrogen  bond  acceptors.  DMMP  <■  "Xir 
streams  ware  generated  at  low  concentrations  with  a  per¬ 
meation  tube,  and  at  higher  concentrations  with  a  bubbler. 
Thus  sensors  wars  tested  against  this  vapor  over  a  much  <  .'der 
concentration  rings  than  in  previous  studies  (3).  The  __ven 
vapors  that  ars  not  simulants  repreesnt  a  variety  of  potential 
interfsrenta. 

Mast  coating  materials  respond  similarly  to  the  two  simu¬ 
lant  vapors  and  statements  shout  DMMT  will  usually  also 
apply  to  <V,/V<  1  imeth ylacrtanuda  Tha  moat  sensitive  coatings 
for  Lhasa  vapors  are  fluoropolyol  and  polyfieoprene/fluoro 
alcohol).  The  1st:  .•  ■  material  has  been  designed  to  lie  highly 
sensitive  to  these  vapors  by  rpcorporacinj  tha  strongly  hy¬ 
drogen  bond  donating  be xafluoro- 2-  propai xJ  functionality  {24, 
27,  2H).  Fluoropolyol  has  been  reported  .a  previous  studies 
(3,  6)  and  tha  sorption  of  vapors  by  this  material  has  recently 
bean  examined  in  detail  (3).  Individual  fluoropolyol  coated 
sanaora  ars  reproducible  for  repeated  vapor  exposures,  and 
separata  sensors  are  com  par*  bis  to  one  another.  The  re¬ 
sponses  of  •  single  fluoropolyol  coated  tensor  to  repeated 
espoaure*  of  DMMF  are  reported  in  Table  IV.  The  range 
of  variation  at  any  given  concentration  is  c«.  A‘,0%.  Fluo- 
ropoiyo) -coated  sanaora  wars  included  in  each  array  of  four 
sansors  tasted  simultaneously  to  provide  a  check  for  con¬ 
sistency  from  one  four  eenanr  array  to  another.  The  renponire 
of  the  floorofmlyo!  se  r  in  the  first  test  array  were  used  in 
the  ilata  set  dremtwd  here  for  Uie  (el  tern  recognition  Analysis. 
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f.bU  III.  Frtiucacy  Shift*  (dt/kHx) 
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bait  mwariciat -ly  aortwnt  m*'ir*ra  »*  h  m  prfy<a%iarhlnmhydnn) 
and  poly  ( lx  it*.  I iana)  hydroi  yUtwd.  th*  a^raamant  w aa  par 
tiruiarly  f.*«d.  typirally  within  10%  l>i*  IlMMJ’  aanltiv* 
oatino,  fhmmprJynl  and  pnl  ytaw^wrfw/ Our  wo  *tmho(),  (In 
faaponaa*  tn  miitura*  crm'airun*  I IMMI’  at  Wiw  mnrwntr*. 
t ••■**»>  arvi  intarfamnt  that  r*r*r*  1  from  10%  tn  10%  law  than 
•  ha  rail  ulal-Nl  a-hlitir*  ra*|*»vM  fn  aarh  of  thaaa  <  aaaa.  tha 
Uryaat  dwviatmn*  wat*  mutora*  of  liMMi’  and  2  hutanno* 

I  ha  ohaarvatnai  1*  intaraatmf  an  a  thaaa  Ian  **(*.*  ara  both 
Sy*1rr**n  hnnd  arro-trtor*  and  will  roc*p*4*  aoth  on*  anothwr 
for  tha  hyomcatt  iaavl  donatio*  w'.aa  m  I  ha  roallr*|  malarial. 
Nniahta  niaanai  In  Itnaartv  add  1  lira  raarw  naaa  nmirrad  m 
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q nancy  ihifl.  Thu  man  it  wan  moat  fraquant  with  pnlyfuao- 
hutytnna)  bid  aian  nmirrad  for  pnlytathylamimina)  in  raat poma 
to  miitura*  of  DMMP  (low  cnoranlraCion)  with  tohtana.  dt- 
•thyi  .ulfid*.  2  hufannoa.  and  1  butanol.  Si*nific*ntJy.  ra- 
« praam  lo  miituras  inrhafirt*  watar .  for  which  poiyta  Jiylart- 
imina)  (ivaa  important  information,  war#  ganarally  within 
10  20%  of  th*  aipnctad  valua.  Othar  atoaptrona  tn  linaarly 
ariitrtna  rmprjw  tnrhala  tha  raapo naaa  of  poiyt rlhyWunun* ) 
to  mitturaa  of  iamirtan*  and  2  botanon#  with  othar  intar- 
f  amnia  and  raapnoaaa  of  polytathyUna  maiaata)  tn  muturaa 
of  watar  with  ianortatia,  diathyl  aulfida,  and  I  butanol. 

Pat  tar*  Kara**  It  in*  Aaalyait.  Iha  vapor*  and  tarn- 
mnpmant  mitturaa  taatad  m  thi*  atody  War*  divulad  into 
two  riaaaa*  aa  ihown  in  Tania  I  An  aarliar  (utpar  iiy  itnoch 
and  Jura  (.12.  .2/)  null  toad  tha  prarautama  that  should  ha  uaad 
tn  avoid  rhanra  or  random  rwaulta  whan  nonparamatnc 
rUaatfian  ara  appliad  tn  data.  IWianrad  data  aata  . nntainm* 
about  tha  lama  numhar  ohaarvatmna  in  aa-h  rlaaa  1*  nna 
way  In  tiummta*  rhanra  r ianwfwatmna  Tharafor*.  aw  colic-  trsi 
miitura  data  fur  hnth  riaaaa*.  ‘lam  1  muturaa  contain 
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Table  VI.  CarreUtlaa  Matrix  f or  £i(kl  Setter* 


f'POL 

PEM 

ECE1, 

PEI 

KPOL 

l 

■<i  134 

-0612 

-0  189 

PKM 

K'  El, 
phi 

PKPH 

FF!  H 
Fit 

1 

0  2.S4 

! 

0  70S 

-0  072 

! 

f  ;a 
psoh 


PEPH 

PECH 

PFA 

PIB 

PBOH 

-0.444 

-0  711 

0,601 

-0625 

-0.724 

0.165 

0  1 56 

-0  486 

-0  241 

0.193 

o  .gn 

0.917 

-y)665 

0.456 

0.666 

-0.185 

-13  092 

-0.452 

-0.181 

-0  051 

1 

1)901 

-0  427 

0  274 

0  758 

1 

-o  ~:s 

0714 

0.W9 

1 

•0  611. 

-0  7‘>4 

1 

0.727 

i 


RESPONSE  PATTERNS 
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<  ..  -i  i..  <  .1  >  . 

1)01  <>»  »»  C  M  »  VV 


n*ar#  *.  ti—pirv***  panama  *n»  water  boat  (a)  M  prwMCMi  Mat  tat 
•rat  fb)  ta  prarfcitaa  tat 


Claaa  2  mixture*  contain  two  mt#r/*r*nt* 

TKa  retponaaa  to  tha  tingle  rap ora  for  the  four  eo*tin*» 
common  to  Lh*  prrvuyii*  xtudy,  ft  joropotyot,  poiyfrthylana 
malaata),  polyfeprchlocnhydrui).  and  poiy(  vinylpyTmirdnn*). 
war*  need  a*  a  prediction  aat  The  prediction  art  maaaurwi 
tha  alxlity  <4  tha  linear  darr.mmant  Uvei^ied  in  can  |mn>ia 
•tudy  ( T)  to  rlaaaify  tha  in  an  unaoown  art  into  tha 

ag  provmata  da— a*.  All  rf  tha  npo  in  tha  d*U  matrix  (104 
P  4)  war*  identified  corrartly,  atrapt  watar  Fi gur*  .1  ahow* 
tha  ralatira  rveponae*  to  w p't-t  .</  tha  four  cnatinf*  for  hoth 
•tudia*.  Tha  largaat  ififTaraor*  a  ohaarvwd  from  [>oly(nnyt- 
pymdidori*)  (PVP).  At  noted  ahtrra,  dawn*  era  tad  with 
prWytymytjryrrolalona)  fava  inranewtent  raaprmaa*  during  tha 
data  collection  *U*a  Following  tha  pradtrUon.  a  auparvMad 
learning  pa  turn  recognition  mat  hod  called  tha  adaptive 
leant  arjiMiw*  alaonthm  1,771  waa  employed  nmnf  tha  prwlirtinn 
**t  A  new  die  rimiriact.  developed  from  tha  peeve » a  weight 
vactor,  prtvluced  a  mmpleUly  aapatahla  data  aat.  In  other 
worda,  watar  waa  no  It  mt,m  miwleeei/Wl.  and  the  diarrimlnant 
racy* gntxed  tha  naw  patum  ha  watar 

Hi*  lariat  data  malril  (172  *  9)  collartad  for  thia  atudy 
waa  oaad  a*  a  training  aat  to  invaatigaM  tha  rlutUrin*  at 
miitora*.  Hegreeeion  *n*iy«i*  revealed  a  ttronf  pairwia* 
correlation  between  pnlythutadiena)  hydroxyl*  led  and  poly 
(afwhlnrohydnn)  and  wane  mrr»i*«*a*  hatwaan  pniyielhylen# 
phthalatal,  athyl  cellule**,  poly  *\n<  hlnrohydrin),  and  poly 
(butarlienal  hydroxylatad  *a  ahoam  try  tha  correlation  matrir 


f\pm  t  4.  itarwerwei  rtuatar  raaUM  o#  coafttg*  baaed  orraie 
aponaea  to  new  ******  vapor*  and  mOrtura*. 


in  T  a  hi*  VI.  A  hrararrharal  duatar  anahyua  routine  uain*  tha 
Huclidaan  daUrvca  metric  and  flaxiM#  fuaion  (XI,  .74)  waa 
employed  to  com  par*  tha  .  eeponaaa  at  tha  mating*  to  all  tha 
vapor*  in  tha  data  art  Tha  hierarchical  <  loafer  analvria  at 
tha  mating*  demonatratad  mmilar  raaulU  to  tha  regyeancin 
analyaia.  Tha  dendrogram  produced  from  tha  raaolta  at  tha 
cloalar  routine  era  ahcrwtt  in  Figure  4.  Tha  y  atia  on  tha 
dendrogram  a  a  maaaura  at  Jiaaimilarity.  mating*  that  ara 
fuaad  together  lower  on  tha  y  ana  ara  aimilar,  while  matin** 
fined  h'fhar  are  different  Four  large  diviaiona  ara  ntatarvad. 
Tha  crating*  mrralatad  ut  tha  rayraaaioa  analyaia  maka  up 
ana  group  Polyt  ianhutyianal  la  ugnifloantly  diffarant  from 
ail  tha  other  marine*  t*o|y(#thyl#na  malaata)  and  poly- 
(ethylarumina)  ar«  uimUr  to  each  other  and  ara  vary  diffarant 
(mm  all  tha  other  matin**-  The  Cam  RMMP  aanaiti/a 
matin**,  rtunropnfyol  and  pnlytiantvwne/fluoro  alcohol),  ara 
timilar  to  one  another  and  *«*niftrantiy  diffarant  front  all  tha 
other  matin**  Ihr#  to  tha  tt/ong  correlation  with  the  other 
mating*,  pniyihutadim*)  hydroiytated  waa  tamo vad  from  tha 
daU  *at  for  fv.rlher  analyaia 

A  graphical  meana  of  duplaying  tlia  tarf*  data  mat/it  ia 
through  the  uaa  of  circular  prof ilea.  Kach  pattern  vactor  for 
a  pnnt  v*pur  a  df#w«  in  aa  a  polygonal  fi*ura,  mnewting  of 
line*  connecting  pout*  placed  on  a«*a  that  radiate  front  tha 
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n^M*  ».  Ooiv  proCWs  o <  me  WJMduM  «<»rt  and  eecf>  *  *w  ffWtkae*  MM  and  a  dtoyam  MiowXng  fa  coating  raaponatae  tot  seen  o« 
#w  oOaarvad  response* 


canter  like  anokm  on  a  wheal  The  distant*  of  each  pant  from 
the  renter  or  the  length  at  the  rpoke  depends  on  the  reapooa# 
at  the  tensor  to  the  vapor.  Thta  visual  diepley  at  (.lie  eight 
aanaor  response*  to  each  at  the  vapors  end  mixture*  ta  shown 
in  figure  6.  A  diagram  defining  the  position  at  each  coating 
repreaentad  hy  each  spoke  ■  alar,  drew*.  The  profile*  in  each 
row  ere  the  reeult  at  the  onmbinaOon  of  the  entry  on  the  left 
with  the  vapors  luted  above  each  column,  for  example,  the 
profiler  in  the  lop  row  at  the  figure  ere  the  reepo-iae  at  the 
eight  tenaors  U>  dimethylacetamKto  end  dimethylacelemid* 
m-xed  with  each  at  the  vapors  bated  terra*  the  column*.  The 
profilaa  in  the  second  row  and  in  the  eacond  column  sre  ex- 
ampler  of  the  raaponaaa  to  tiMMP  and  mixtures  containing 
I.MM1’  Thera  profit#  do  change  when  t  claae  2  vapor  ta 
rnneo  with  the  ciaaa  1  vapor,  although  they  do  maintain  a 
certain  character  that  a  not  otarved  among  the  Lees  2  vapre*. 
The  I >MMP  in  the  fnisturee  Ua.ed  in  the  column  labeled 
IlMMP  wee  generated  front  e  bubbler  and  m  prsaent  at  much 
higher  ojocanlratejua  than  in  the  enlnea  in  the  row  labeled 
F9MM1*  (generated  from  a  permeelmn  tube). 

The  first  two  principal  components,  found  ueing  prinojwl 
component  anelysw,  was  need  to  initialise  •  nonlinear  map¬ 
ping  routine.  The  two  principal  component  pint  deer o  be*  the 
plane  that  heel  laprasenta  the  data,  although  m iarepreeers- 
letson  'I f  the  prawtino  of  mtmm  at  the  pants  eiuts  when  pants 
are  peopled  from  the  eight  dimeneemai  spare  <>t  the  sene  vs 
to  2  «(>ara  The  nonlinear  mapping  rteitina  adjusts  the  pnw 
itioc  •  *  the  points  In  the  twuepac*  defired  fry  the  principal 
rsmiponant  try  mimmi-ing  an  error  function  an  that  the  re¬ 
writing  plot  most  rbsssly  reflect*  the  relative  pcaiteme  of  the 
[■ante  in  the  A  apace  Thiu.  the  nonlinear  mapping  routine 
in  com hsnetion  with  prinrtpal  component  e-ielnu*  trenaform* 
a  eat  of  points  from  A  space  to  i  epee#  by  msmte>ning  the 
similaritiea  end  dwaimilanCaa  between  the  pants  lha  re 
suiting  pled  la  shown  ia  figure  A.  Only  half  at  the  data  set 
•«*•»*  ■<«  mmnlenly.  Oneeiample 


of  each  concentration  for  each  the  vapors  is  included  A 
boundary  is  drawn  around  each  of  the  tingle  vapors.  Mint 
of  the  data  for  each  individual  vapor  duster  in  discrete  sectors. 
Water,  isoottane,  toluene,  dichloroe thane,  and  diethyl  sulfide 
are  well  asperated  from  DMMP  and  dimethyUcatam.de  All 
of  the  mixtures  containing  a  toxic  vapor  (ciaaa  l  vapor)  duster 
close  to  the  individual  ciaaa  1  vapors  even  though  the  class 
2  component  ie  much  more  concentrated  Butanone  and 
butanol  and  tome  of  the  claee  2  mixture#  cluster  cloee  to  the 
class  l  vapors  and  could  lead  to  rmarlaaaification 

Hierarchical  cluster  analysis  produced  similar  results.  A 
Euclidean  distance  metric  with  flexible  fusion  <JJ,  M)  was 
selected  to  display  the  data  mk  and  the  resulting  dendrogram 
ia  shown  in  figure  7.  One  third  of  the  original  data  matrix 
ia  shown  to  simfdify  vwualiraUon  Mint  rtf  the  clan#  2  vapor* 
are  grouped  together  on  the  right,  moat  of  the  ciaaa  1  vapor* 
are  grouped  together  in  the  cent#’,  and  Lb#  tome  of  the 
nurtures  are  grouped  together  on  the  left.  The  (eat  clustering 
ia  among  the  rta«  t  vapors  and  mixture*  containing  them; 
the**  vapors  Have  much  similarity  as  shown  by  their  fusion 
Vow  on  the  y  axis.  Water,  isoortana.  toluene,  dtehJoroethane, 
and  diethyl  sulfide  ar*  all  located  in  the  Slock  labeled  claae 
2  end  they  ar*  ths  least  similar  to  the  ciaaa  1  vapor*.  A 
mixture  of  di math yiacetam ids  ind  dichloroethana  cluatere 
with  the  rlaa*  2  vapor*.  Huts  non#  and  butanol  and  moat  of 
th*  mutiire#  ruotaming  butanun#  are  located  on  the  left  aid* 
of  the  dendrogram  and  appear  to  be  similar  to  the  class  1 
vapors  bsraua*  they  -luster  lower  on  th*  y  axis. 

ih*  data  set  was  n  wied  into  taro  claae**  ee  defined  in 
Tatde  l.  K*ch  claw  coi  a  meet  dfl  vapor  experiments  for  th# 
eight  remaining  aenanrs  The  dal*  ami  th#  correct  claaaifl- 
catton  results  were  giwn  to  aeveral  eupervieeil  learning 
te<hn><|ij##  in  the  AHAIT  wiftware  package.  The  i  Uwifiers 
ware  iVmtgned  to  fenerat*  •  diertiminant  in  on#  rUaeifier  ami 
to  allow  that  dtarrmunent  to  h#  ;  a— ml  to  another  A  typical 
study  ua*d  •  stated* ally  Iwand  cUeaifier  (.15 1  to  generate  tfie 
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Tha  thraa  ntrtmn  n achanv  w  r»  lariaioiata  ana*  aw  ara  irvOitiuaOy  tabatad. 


TRAINING  SET  4 
MtTRlC  EUCLIDEAN 
K-'SlON  KfXiBLE 
CLUSTERING  Of  PATTERNS 

O  OMAC 
□  MIXTURES 


1  Harwcaaoal  'Antar  faAl  of  Ha  laat  vapory  ant  rranuraa  baaad  ca>  #4/4  cnalUga 


milt*]  (ilacrirai  riant,  which  waa  than  paaaad  to  tha  adaptiva 
laaat  aqueraa  algorithm  1.12)  Swvwral  ilarattroa  and  tavaral 
oranhmatirma  of  rlaaaifiara  wara  uaad  to  traui  tha  data  aai  A *2 
a(  tha  vapory  and  mutu/aa  wary  norrarUy  daacifiad  alcapt 
thraa  mixturaa,  dimathytaratamida  »n.l  dichWoathana, 
OMMP  and  dichloroathaaa,  and  wmetana  and  butanaaa 
Thay  wary  oonasatanUy  miaclnaaiGad  Th«a  m  no»  aurpnatnf 
arhan  tha  pialUon  of  ttvaaa  muturva  ary  tdanUftad  in  tha 
peine  i pal *xxn pooan t  plot  (Kioura  7). 


Tha  data  art  waa  raataminad  naaudarino  tha  usually  ui*ht 
vy  natter -a  in  tha  raaponaaa  of  tha  fluoropolyof-ooatad  aanaor 
io  aarh  ot  tha  four  aansnr  taat  arrayy.  Tha  raaponaaa  of  tha 
fhjntufxdyni-matad  aatwor  in  tha  first  taat  array  aarvad  aa  t!ia 
standard,  and  data  for  aarh  vapor  nr  mittura  war*  vtaminad 
aaporytaJy.  tf  tha  rsaponaa  of  tha  Huompoivol  coatad  ssnanr 
M  a  aubaatpamt  taat  array  waa  aicnifkanlly  diffarant  (Vwn  tha 
mrryaprrftdin^  raapnnaa  in  tha  firrt  taat  array  (i.a.  tha  dif- 
fararwa  in  tha  nvitp  raaponaa  batwaan  tha  two  taat  array* 


analytical  chemistry.  vol  so.  no  24.  December  is.  ,988 


i  (.  **■ ' 


-  2000  -  6200  -S*00  -4600  -MOO  -XSOO  -«O0  -  UOO  -SOQ  0  200  K300  1800  2600 


”*»•*•  (Arte***  oonawi  pW  tar  tw  camacaad  data  uaatg  +&t  ouatoy*.  Al  at  tw  nM(«  ««  I 
m  ** crate  boundartaa. 

TRAINING  SET  4 - 

METRIC.  EUCUOEAN 
FUSION  FLEXIBLE 
CLUSTERING  OF  PATTFRNS 

•  DMMP 

O  C  M  AC 

□  CLASS  2  MIXTURES 


IwdlwttMU 


U  V.S  «  »%l>v 


^  X-»  V  vfcVwAA  V  kY*VtoV 


a  as*  i  trv. 


r'4  *  Jt  T?|  T  4  T At — S~*  •*  ;A,4 

u _ J _ M _ 1 _ iJ 

I  BTN  H,C  OC*  ISO  TO 


n*M«  'Amtm  •»  *a  ocrrartad  •>«<•  uatag  */*  «»*g«  The  ( ..*•  2  WUI  am  to  MM.  er.i  -not'  ot  th,  cton 

»*  »  •»  boat  b*x*ie.  N  mwi  fxi  are  rah  are  marted 

**•  4T’’*t»Y  than  the  variation  in  raapnnaa  trilhin  the  ft  rat  ami  the  /»  mamma  ijhl  rtiatirf*  war*  s>*iamsnad  by 

•nay),  than  •  I  in**/  m»T*<tK>n  factor  «aa  determined.  The  lha  charter  amt  dtapUy  method*.  T*  («mlU  of  pirn, 

aarar*  rtapinaaa  of  ail  tha  naiinp  in  tha  antaarpiant  taat  array  component  analyaat  are  •< mtlai  to  tit#  unco  rotated  raaull 

to  that  parurik?  »*«*«  **r*  than  amKjpi-d  l-y  tha  nrrxrtkm  tha  individual  rapnre.  u  ihnm  in  Kicire  8.  Tha  rn./o, 

factor.  Thaaa  factor#  ar«  *"r*n  in  Table  VII  data  <ln*a  improve  tha  rfuaUrm*  of  tha  miiture*.  IT*  mi, 

TH#  recreation  raaojte  indicated  tha  **m#  correlation  1*-  lure#  ,|<j  ant  m.*d  tha  claa*  1  vapor*  a*  much  aa  in  tha  pre 

taman  tha  pol/<  butadiene!  hydrurylatad  and  pirtytepichloCTr  vimia  plot. re* eoially  for  botanoo*.  The  hierarchical  rlueter 

hydrin)  raeponara.  |NJy<  butadiene!  hydro*, Ulad  waa  (Mated  analyato  aupporta  Oua  o*»at\ atton  Aa  aaan  In  Fitpira  i>  moat 
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Table  VII.  Correction  to  the  Candi'ion*  of  l5e  First  Array 


FPOL,  PEM 

PECH.  PFA 

vii  por 

ECEL 

PEI,  PEPH 

P!B,  PBOH 

DMMP 

1  00 

1  'JO 

1.50 

DMaC 

1  00 

;:y 

1  M) 

DCE 

1  » 

1  O.' 

130 

water 

1.00 

1.50 

2.50 

ISO 

1  00 

t.'O 

1  V> 

TV's  £ 

1  'JO 

1  .3) 

1.00 

f  j  c'S 

1  10 

!  >5 

1.00 

:h  :  n 

1  0 

l.'V 

UC 

1BTL 

IX) 

l.C*J 
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1  TO 
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1  00 

l  00 
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1  00 

1.00 
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:  .no 

1.00 

I.JO 

DM/O/Dfo 

1  00 

1.00 

I  30 

DM.*r/DMVL> 

1.00 

1.00 

1.00 
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1  oo 

1.00 
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.J.M.AC  / 1 8Ti» 

1.00 

l.l» 

•  00 

TMMP/Dr  E 

1.00 

1.30 
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DM.VtP/'djf- 

l.Of. 

1  0J 

2X0 

DMMP  !oO 

1 .00 

!  00 

2X3 

DMMP  TOi 

1  00 

1  00 

2X3 

DMMP  DK 

too 

1  uO 
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D'AMP^BYN 

i  on 

1.00 

1*0 

DMMP  1BTT 

1  J0 

1  oo 
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walw  /  [>.'  E 

•  1.00 

I  00 

1.00 

water  /  !.S  ) 

l  oo 

1  00 

1J0 

wster,TCL 
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1  00 

too 

wtr/DU 

1  00 

1  00 

1.00 

w.u-/DMMP 

i  0B 

1.00 

1J0 

w*tax/2BTN 

l  to 

1  00 
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ester/ 5  BTL 

1  o' 

1  nc, 

1  00 

'.Mi  !*'K 

1  00 

.  10 

1  10 

loO/Tl  l. 

1 

1  10 

1. 10 

ISi  ),  l.'  r.S 

(  00 

1  10 

1.10 

lm»/dmm  r 

l  30 

110 

1.10 

1S0/*BTN 

1  00 

UO 

UO 

I.SD/i  BTL 

1  00 

1  10 

1  10 

2BTN/WK 

1  00 

UO 

1.10 

2BTN,TDL 

1.00 

1  10 

1  10 

2BTN  Dr'.S 

1  fXI 

1  10 

1  10 

2HTN/DMMP 

1.00 

I  10 

1  10 

2BTN/1KT1. 

1  00 

1  10 

110 

(./  tha  riaaa  1  vapor*  irr  on  the  left  atria  of  dendrogram  and 
ara  prwiUoneo  lower  on  the  y  ua  ie*atr»w  to  the  das  2  vapor*, 
indicating  lent  similarity  between  the  two  troupe.  Keen  tha 
clam-  i  repor*  in  the  center  of  the  dendrogram  art  positioned 
low  '  A  ;V  y  aim  compared  to  the  riaaa  2  vapor*  and  mixture# 
fo.'.Ai  '  *  rLaas  2  vapor*.  Water,  tennrlane.  toluene,  and 
di*' Ken an*,  shown  on  the  r i* h t  of  the  dervdrogiam  era 
well  •wpcratarl  from  all  the  utbae  vajor*  ami  are  very  dnumilar 
a»  imiifAled  by  the  higher  level  of  fusion  no  the  >  aim  Mont 
of  the  riaaa  2  mixture*  ar*  closer  to  the  rlaae  1  vapor*  then 
the  single  riaaa  2  vapor*,  although  the  mixture*  appear  m 
diarrete  regions  in  the  dendrogram. 

The  Hay*#  classifier  •**  ueed  to  (enerel*  the  initial  die 
cnminant  for  the  new  172  *  II  data  matrix,  and  the  •eeult# 
of  that  supervised  laaminf  technique  were  vexed  to  mitialiie 
the  adaptive  leeaS -squares  algorithm.  After  *ever*J  iteratxnrw, 
all  of  the  vapor*  war*  correctly  classified  including  those 
mixture*  (wevvsjely  miarlaaaifWd  '111*  i emitting  diammmant 
waa  paaaeci  to  •  < laaaifiar  railed  the  linear  learning  machine 
(11),  and  tha  data  *et  war  trained  further  adding  thxrknea# 
to  tha  'bacriminant  hyparptana  bet  ween  the  two  rlaaaee.  A 
deadline  or  linear  discriminant  Oik  knaaa  200  lima*  greater 
(ban  the  standard  generated  by  tb#  routine*  »**  obtained, 
who  h  mdicatea  that  tha  rlaaaee  ar*  well  eeparatad  A  sum- 
inary  of  the  results  it  given  in  Table  VIII  The  new  diecri- 
minnnt  wat  examined  by  uamg  another  routine  deaigned  to 
teat  lha  importance  of  each  coating  to  the  classification.  In 


Table  VI 11.  Weight  Vector  Component*  for  Bett  Coating* 


discriminant 

funcuon 

no 

WTO  ng 

•w 

coaling 

values 

i 

2 

r-^ognition 

■Hi.  13 

0 

0 

100 

FPOL 

-0.03 

2 

3 

97 

PEM 

+0,24 

4 

7 

94 

PIB 

-0.11 

) 

7 

91 

?PCH 

+0.60 

••> 

13 

90 

PPA 

+C.22 

36 

15 

70 

PEI 

-0  40 

40 

17 

67 

PEPH 

-0.3? 

56 

25 

53 

EC  ED 

-0  49 

77 

58 

36 

thi*  rot, tine,  several  cUeeification*  ware  made  by  using  the 
new  discriminant  and  ice  e^ch  c!  unification  one  sensor  was 
left  out  of  the  analysis.  TSe  percentage  correctly  classified 
wtj  roc  Mureu.  The  lowe*  the  percentage  correct,  the  more 
important  the  wnaor  for  tor  liiecnminaxt  evaluated.  The  ist 
of  seneoc*  a  sorted  and  given  in  Tab’e  VIII  from  least  im¬ 
portant  to  most  important  ™a  moat  important  coating*  in 
this  linear  dtsc+iirinaru  are  ethyl  cellulose,  polylethylene 
phthelau),  poI/(c.tSy!cnimjae),  and  polyfisoprene/ftuorcpo- 
lyol).  Flucvopofyol  it  the  least  important  because  the  removal 
of  thia  costing  ■'ram  the  *et  would  only  reduce  the  ciaaaification 
results  to  97*.  In  the  previous  -tudy,  fluoropolyol  was  the 
mnat  important  coat  ng  baaed  on  the  classification  results.  In 
this  study,  fluoropolyol  has  baen  supplanted  by  polyt  isopr- 
eoa/fluoro  alcohol),  which  provide*  much  tha  same  infor¬ 
mation  and  has  greater  DMMP  sensitivity 

CONCLUSIONS 

Pattern  recognition  tech,  iques  can  readily  distinguish 
between  the  ciaae  1  vapor*  -  id  the  claa*  2  vapor*  when  the 
SAW  aeneor*  ar*  exposed  to  sir.  (1*  vapor*.  The  linear  dis¬ 
criminant  developed  in  our  previous  study  wss  100%  tuc- 
caerful  in  distinguishing  class  1  from  class  2  v  por*  in  tha 
previous  data  set  (T).  Tha  same  discriminant  applied  to  the 
tingle  vapor*  in  thia  data  set  correctly  classified  all  vapor*, 
except  water.  Tht*  discrepancy  erne*  due  to  the  poor  re¬ 
producibility  of  the  water  sensitive  coating  polytvinyl- 
pyTTnlidooe).  A  new  discriminant  was  developed  to  achieve 
100%  correct  classification,  and  a  better  water  sensitive, 
polyiethylenimuie),  has  been  identified. 

The  single  vapor*  that  cluster  nearest  to  DMMP  ar*  2- 
butanun*  end  1  butanol  Like  DMMP,  2  bu*anone  can  accept 
hydrogen  bonds,  It  differ*  by  being  a  weaker  acceptor  and 
by  having  a  much  higiier  seiuxatjon  vapor  pcearure.  1  Butanol 
i*  also  a  hydrogen  hnnd  acceptor  of  comparable  strength  to 
2  butencme,  but  differ*  in  its  abslitv  as  e  hydrogen  hntwt  donor 
The  saturation  vapor  pressure  of  l  butanol  is  rloaer  to  that 
of  DMMP  than  that  of  2  -butanon*. 

Single  v*por*  could  be  correctly  claMified  by  using  as  few 
■  four  sanarrs  When  two-component  muturee  arer*  included 
in  the  data  set,  eight  sensor*  were  required  to  obtain  the  beat 
daaaxfkvUm  results  The  rsapnncee  of  mixture*  were  generally 
doe*  to  thnaa  expected  from  a  linear  combination  of  tla*  tingle 
vapor  response*.  This  result  is  encouraging  because  it  stm- 
plifiea  tie  correct  c  Uaex  fleet  ion  of  muturee  It  is  particularly 
notable  in  the  context  of  the  detection  proldem  disriiweal  here 
that  the  reaponeea  of  the  DMMP  sensitive  meting*  to  mix- 
turea  containing  DMMP  were  well-behaved. 

Tit*  clustering  result*  for  mixtures  were  similar  to  those 
for  single  vapors  AH  of  lit*  claa*  t  mixturee  cluttered  close 
to  lb*  rlaae  I  vapor*.  The  claa*  2  mixture*  nuatertng  cloaeet 
to  the  rlaae  I  vapor*  were  ueuaily  thisw  containing  2  butanon* 
or  I  butanol.  By  use  of  (ha  experimental  dels  aa  collected, 
til  muturee  could  he  cor.-ertiy  rlaaufied.  except  three  When 
oerertion  factor*  were  a(>piied  to  the  data  aa  explained  in  the 
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He-niits.  correct  classification  could  be  achieved.  The 

mixtures  were  successfully  analyzed  even  with  large  concen¬ 
tration  differences  between  the  vapors  of  interest  and  the 
potential  mterferents. 

Variations  .n  fluoropolyol-coaled  sensor  responses  from  one 
lest  array  to  another  are  hiteiy  to  arise  from  three  factors. 
Changes  in  the  actual  vapor  concentrations  generated  by  the 
t:-st  apparatus  will  cause  linear  changes  in  the  responses  of 
the  sensors  Variations  in  the  sensor  temperature  will  change 
serus >r  resfsin.se  because  the  a.rpt-  r.  vapors  «nto  the  costing 
material  varies  exponent;.*.. y  with  temperature,  hysteresis 

ae  to  previous  vapor  exposures  might  also  cause  sensor  re¬ 
sponse  variations.  This  is  expected  to  be  minimal  for  verson 
whoee  behavior  is  baaed  on  simple  reversible  absorption,  but 
it  cannot  be  summarily  ruled  out. 

The  ability  of  pattern  recognition  techniques  to  discnrmnate 
between  vaport  is  expected  to  improve  as  the  sensor  tech¬ 
nology  matures  and  testing  procedures  are  more  rigorously 
controlled.  SAW  costing  materials  whose  responses  are 
consistent  end  reproducible,  and  which  provide  gTeater  sen¬ 
sitivity,  will  offer  obvious  sdvsntsges.  A  set  of  mstenais  with 
more  widely  varying  responses  to  aey  vspor*  will  enhance  the 
information  to  be  analyzed.  Rigorous  control  of  sensor  tem¬ 
perature  and  a  truly  inert  reference  on  the  SAW  sensor  will 
improve  performance.  Finally,  it  may  be  useful  to  examine 
mixtures  where  the  ooncnntraUon  ratio  of  the  two  components 
is  varied. 
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INVESTIGATION  OF  ELASTIC  PROPERTIES  OF  THIN  POLYHER  FILMS 
USING  SURFACE  ACOUSTIC  WAVE  DEVICES 
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The  observed  glass  transition  temperatures  (Tf)  of 
several  thin  polymer  films  on  the  surface  of  SAW  devices 
were  Increased  by  50-60  °C  relative  to  T(  results 
reported  for  other  methods  such  as  DSC.  The  increase  in 
the  onset  of  Tf  is  the  result  of  interaction  of  the  high 
frequency  surface  acoustic  wave  with  the  polymer  film, 
consistent  with  the  time  -  temperature  superposition 
principla.  The  Tf  were  identified  as  localized  minimum 
in  the  frequency  curves,  or  by  changes  in  the  slope  of 
the  curves,  as  the  coated  sensors  were  heated  between 
35-110  °C.  Potential  applications  of  SAWs  for  the 
characterization  of  polymeric  materials  and  the 
Implication  of  these  findings  on  the  interpretation  of 
SAW  sensor  data  are  discussed. 


Polymeric  materials  are  being  employed  in  an  Increasing  number  of  novel 
applications  In  our  technological  society.  No  doubt,  as  stronger,  morn 
flexible  end  more  durable  materials  ara  discovered  !.;«  demand  for  those 
materials  will  continue  to  grow.  The  chemical  and  physical  properties 
of  these  materials  will  determine  the  types  of  applications  for  which 
they  may  be  employed.  Thus,  the  rapid  and  reliable  characterization 
of  these  properties  will  he  crucial. 

In  the  area  of  chemical  sensors,  thin  polymer  films  are  routinely 
used  as  coatings  for  the  semi • se l ec t ive  sorption  of  chemical  vapors 
One  such  sensor  technology,  the  surface  acoustic  wave  (SAW)  device,  has 
demonstrated  excellent  sensitivity  as  a  vapor  sensor  when  coated  with 
films  having  appropriate  solubility  properties  (  L)  .  To  date,  most 
sensor  applications  have  taken  advantage  of  the  extreme  mass 
sensitivity  of  tha  devices,  In  this  paper,  we  will  examine  the 
resporse  mechanisms  of  the  SAW  sensor  and  demonstrate  the  sensitivity 
of  these  devices  to  changes  In  elastic  properties  of  the  coating 
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materials.  Finally,  we  will  discuss  the  significance  of  these  results 
in  terms  of  current  sensor  applications,  and  the  applicability  and 
advantages  of  the  SAW  for  the  characterization  of  polymeric  materials. 

Background 

Since  its  introduction  in  the  early  1970' s,  the  SAW  has  seen  increasing 
utilization  as  a  chemical  sensor  due  to  its  sensitivity,  potentially 
rapid  response,  and  low  cost.  A  brief  description  of  the  operating 
principles  of  the  SAW  will  aid  in  understanding  the  basis  of  this  study 
and  in  the  interpretation  of  the  results.  Typically,  a  SAW  device 
consists  of  a  set  of  interdigital  transducers  which  have  been 
aicrollthographically  deposited  on  the  surface  of  a  piezoelectric 
substrate.  The  application  of  a  time-varying  electric  potential  to  the 
transducer  causes  a  mechanical  deformation  of  the  substrate,  resulting 
in  the  generation  of  a  surface  acoustic  wave.  The  properties  of  this 
wave  (amplitude,  frequency,  phase)  are  sensitive  to  perturbations 
occurring  on  or  near  the  surface  of  the  substrate.  A  more  detailed 
discussion  of  the  SAW  operation  can  be  found  in  reference  (2.)  ■  The 
generation  of  different  types  of  surface  waves  is  possible  (1);  for  the 
purposes  of  this  work,  when  we  refer  to  the  surface  acoustic  wave  we 
specifically  mean  Rayleigh-type  surface  waves. 

In  general,  the  response  of  the  SAW  is  the  combined  result  of 
changes  in  the  mass  loading  conductivity,  or  elastic  properties  of  the 
surface  film.  Equations  describing  the  effects  of  changes  in  these 
properties  on  the  frequency  of  the  device  have  been  derived  previously 
(2-!±)-  Tor  many  sensor  studies,  non-conducting  polymer  films  are 
usually  employed.  One  equation,  given  below,  describes  the  response 
behavior  for  a  SAW  device  coated  with  a  thin,  lossless,  isotropic,  non¬ 
conducting  film. 

Af  -  (k^kjlphf,1-  k1hf0,(V/Vn*)(O+M)/(Ae2M>]  (1) 

where  k,  And  kj  ait  material  constants  for  the  quartz  substrate,  VR  is 
the  Rayleigh  wave  velocity,  h  is  the  film  thickness,  p  is  the  density, 
n  is  the  shear  modulus,  X  is  the  Lame  constant,  and  (a  is  the 
fundamental  frequency  of  the  device.  The  first  half  of  the  equation 
yields  the  frequency  shift  renulting  from  mass  loading,  while  the 
second  half  describes  'lie  effect  of  changes  in  the  elastic  properties 
of  the  film  on  the  resonant  frequency. 

To  date,  the  selection  of  coatings  for  vapor  sensor  applications  his 
been  mostly  empirical,  requiring  the  screening  of  a  large  number  of 
candidate  matr~lal:<  to  identity  coatings  with  sufficient  sensitivity 
to  the  vapor  of  interest.  To  address  this  problem,  recent  work  has 
focused  „r.  characterizing  the  observed  sensor  responses  in  terras  of 
solubility  interactions  The  sorption  of  a  soluta  vapor  into  a 
solvent  coating  can  be  quantitatively  defined  as  a  partition 
coefficient,  K  A  modified  varslon  of  Equation  l  has  been  vised  to 
predict  the  frequency  response  of  coated  f.AWs  to  predict  the  frequency 
response  of  these  sensors  to  specific  vapors  utilizing  partition 
coefficients  calculated  from  0 \JT,  data  (rj)  .  The  inherent  assumptions 
in  that  work  are  that  (1)  the  no  lyraer  coating  Is  a  lossless  film  (that 
Is,  there  is  no  significant  attenuation  of  the  surface  wave  resulting 
from  in’eractlons  with  the  surface  film),  and  (2)  the  contributions  to 


the  observed  response  from  elastic  properties  of  the  film  are 
negligible.  To  justify  the  second  assumption,  care  was  taken  to  select 
polymer  films  that  would  be  above  their  glass  transition  temperatures 
(Tg)  at  the  operating  temperature  of  the  device. 

In  order  to  assess  the  validity  of  the  second  assumption,  a  brief 
discussion  of  the  elastic  properties  of  polymers  is  needed.  Tire  visco¬ 
elastic  behavior  of  a  polymer  is  depicted  schematically  in  Figure  1. 
The  parameter  of  interest  in  the  case  of  SAUs  is  the  shear  modulus, 
denoced  as  G  in  Figure  1  and  as  n  in  Equation  1.  Simply  stated,  the 
modulus  is  a  measure  of  the  rigidity  of  the  polymer.  The  regions  of 
interest  are  the  glassy  region  (where  the  polyter  is  a  hard,  rigid 
material)  and  the  c.isto".  c  region  (where  the  polymer  is  a  rubber). 
Rigid,  glassy  poly:  rs  t;.,. tally  have  high  modulus  values  on  the  order 
of  10®  -  1011J  dyne/c a* .  In  this  region,  the  polymer  chains  are  locked 
into  the  lowest  energy  conformations  and  there  is  insufficient  energy 
in  the  system  to  allow  free  rotation  around  the  polymer  backbone.  As 
the  temperature  increases  the  polymer  becomes  an  elastomer.  In  this 
region,  there  is  sufficient  energy  in  the  system  for  free  rotation  to 
occur.  This  additional  rotational  freedom  is  manifested  as  a 
'softening'  of  the  polymer,  with  a  corresponding  decrease  in  the 
modulus  to  104  -  107  dyne/cm1.  The  temperature  at  which  this  softening 
occurs  is  the  Tf.  Other  changes  occur  at  this  temperature  that  can  be 
monitor'd  experimentally  to  identify  the  T, .  These  include  changes  in 
the  specific  volume  of  the  polymer,  the  index  of  refraction,  the  gas 
diffusion  coefficient,  the  thermal  expansion  coefficient  (measured  by 
dilatometry) ,  and  specific  heat  (measured  by  differential  scanning 
calorimetry  (DSC)  or  by  differential  thermal  analysis  (DTA)).  Good 
general  discussions  of  the  elastic  properties  of  polymers  can  be  found 
In  references  (£,2). 

The  Tf  of  a  polymer  increases  as  a  function  cf  frequency.  This 
phenomenon  was  first  described  by  Williams,  Lar.del  and  Ferry  in  1955, 
and  became  the  basis  of  the  ‘ ime - temperature  superposition  principle 
(5).  Previous  work  by  Vohltjen  and  Dessy  demonstrated  that  the  SAW 
could  be  used  to  characterize  polymeric  materials  (2)-  In  that  work, 
both  thin  films  and  bulk  samples  were  characterised  by  monitoring 
changes  in  tha  amplitude  of  the  surface  wave  as  the  temperature  of  the 
polymer  samples  was  increased.  Their  results  Indicated  that ,  for  thin 
polymer  films,  there  Is  significant  interaction  of  the  polymer  film 
with  the  high  frequency  surface  wave,  resulting  in  an  increase  In  the 
Tg  of  the  polymer.  This  observation  is  con.sl-.tent  with  the  time- 
temperature  superposition  principle, 

"Die  work  to  1>#  presented  hpre  was  motivated  bv  two  factors.  Fir-.t, 
it  had  been  assumed  that  polymer  films  used  in  previous  sensor 
applications  were  above  their  T(  at  the  SAW  operating  temperature.  If 
the  Tf  of  a  given  polymer  film  Is  significantly  increased  due  to  the 
effects  of  the  high  frequency  surface  wave,  then  the  elastic  properties 
of  the  film  must  be  taken  into  consideration  when  Interpreting  sensor 
responses.  Second,  since  the  frequency  mode  of  the  SAW  device 
represents  a  more  sensitive  measurement  than  the  amplitude,  these 
devices  have  tremendous  potential  in  the  area  of  materials 
char ac f e r I zat i on  The  following  experiments  were  performed  to  verify 
this  potential  and  to  investigate!  the  possible  effect  of  elastic 
properties  on  sensor  responses. 


Exper  imenta  I 


The  polymer  coatings  studied  are  given  in  Table  I,  along  with  pertinent 
physical  parameters.  These  coatings  were  selected  based  on 

availability,  since  they  are  among  coatings  previously  used  for 
chemical  sensor  studies  at  NRL.  In  addition,  the  transition 
temperatures  (Tg,  Tm)  are  within  the  range  that  could  be  easily 
investigated  using  our  experimental  apparatus.  Of  these  coatings, 
fiuoropolyol  (F?GL)  and  poly (ethvlene  maleate)  (PEM)  were  provided  by 
the  Polymeric  Materials  3ranrh,  Chemistry  Division,  of  the  Naval 
Research  Laboratory  in  Washington  D.C.  They  are  both  linear  polymers 
with  no  observed  crystallinity.  PEM  is  a  polyester  material  with  a 
repeating  monomer  unit  of  35- SO.  FPOL  is  a  highly  viscous  epoxy  pre¬ 
polymer  with  a  repeating  monomer  of  8-10.  Densities  were  measured 
using  a  float  technique,  and  Tg  were  measured  by  DSC  at  the  NRL 
Chemistry  Division.  Additional  information  regarding  the  structure  and 
properties  of  these  materials  can  be  found  in  reference  (1). 


TABLE  I.  POLYMER  COATINGS  AND  PHYSICAL  PARAMETERS 
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Poly (oaprnl ac tone )  and  ethyl  cellulose  were  obtained  from  Aldrich. 
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package.  Additional  information  regarding  the  dimensions  and  geometry 
of  the  devices  can  be  obtained  from  MSI. 

Dilute  solutions  of  the  coating  materials  were  prepared  in 
chloroform.  These  solutions  were  then  aspirated  using  an  airbrush  to 
generate  a  finely  dispersed  aerosol,  which  was  deposited  on  one  side 
of  the  dual  SAW  device.  The  other  delay  line  remained  uncoated,  acting 
as  a  reference  to  correct  for  frequency  deviations  due  to  fluctuations 
in  ambient  temperature  and  pressure. 

The  coaced  devices  were  then  placed  in  the  heating  chamber 
illustrated  in  Figure  2.  The  chamber  consisted  of  a  3/4 "  brass 
Swagelok  union  fitting  which  was  wrapped  with  heating  tape.  The 
temperature  of  the  heating  tape  was  controlled  by  a  Variac,  and  the 
temperature  of  the  chamber  was  monitored  using  a  YSI  Series  400 
thermistor.  This  thermistor  was  incorporated  in  a  circuit  to  convert 
the  thermistor  resistance  into  a  voltage  that  could  be  read  directly 
by  the  computer-controlled  data  acquisition  system.  A  dry  air  stream 
was  heated  via  a  coiled  tube  located  within  tha  chamber  prior  to 
introduction  to  the  sensor.  A  constant  flow  rate  of  40-50  ml/miri  was 
maintained  during  the  experiments  to  minimize  the  effects  of 
temperature  gradients  and  localized  heating  near  the  senso-  surface. 

The  frequencies  of  the  individual  delay  lines  were  monitored 
independently,  and  the  difference  frequency  of  the  two  sides  of  che 
device  was  obtained  as  output  from  an  electronic  mix'^.  These 
frequencies  were  recorded  as  the  devices  were  first  heated  from  35  :C 
to  110  °C,  and  as  they  were  subsequently  cooled  to  room  temperature. 
Each  device  was  subjected  to  repeated  heating/cool  mg  cycles,  with 
frequencies  being  recorded  continuously  as  a  function  of  temperature. 
The  coatings  were  then  removed,  as  the  SAVs  were  washed  in  chloroform 
in  an  ultrasonic  cleaner.  The  bare  devices  were  once  again  placed  in 
the  heating  chamber  and  subjected  to  successive  heating/coo) ing  cycles. 
The  frequency  curves  of  the  bare  devices  were  recorded  for  use  as 
blanks . 


Once  the  effect  of  temperature  on  the  frequency  of  a  bare  device  was 
known,  the  effecr  of  temperature  on  the  coatings  could  he  determined 
by  subtracting  the  results  for  the  bare  devices  from  the  frequency- 
temperature  curves  for  the  coated  devices.  The  frequency  shifts 
recorded  during  these  Cemperature  studies  are  reported  In  parts  per 
million  (ppm),  which  is  defined  as  the  observed  frequency  shift,  in 
Hz,  divided  by  the  resonant  frequency  of  the  device.  In  MHz.  For  the 
devices  used  In  this  study,  1  opts  is  equivalent  to  148  Hz.  In  order 
for  several  tela'*  t  curves  to  be  easily  viewed  or  ..hr  same  plot  . 
individual  curve?  . . e  offset  from  one  another  by  several  hundred  ppm 
Examples  of  the  f  r  pquency  - 1  emperat  ut  «  curves  for  a  bat-'  device  air? 
given  in  Figure  3.  Channel  1  and  channel  2  refer  to  the  two  delay 

lines  of  the  dual  device  When  used  as  a  sensor,  channel  i  would  be 
mated  and  channel  2  would  remain  uncoated  to  act  ae  a  reference.  The 
difference  curve  is  the  output  from  the  mixer,  and  represents  the 
frequency  dlff>renre  between  the  two  delay  lines. 

It  Is  worth  noting  that  there  Is  substantial  frequency  shift  for 
both  delay  lines  resulting  frets  t  erape  r  a  t  u  rc  change.,  on  the  order  of 
)-6  ppn/"C.  Ibis  Is  the  result  of  thermal  stresses  arising  In  the 


decomposition  products  and  there  is  no  evidence  for  any  triformy'ated  complex  present.  The 
impurities  did  not  interfere  with  the  assignments  of  the  resonances  (Table  II). 

The  NMR  spectrum  (Fig. 9)  also  showed  evidence  of  the  impurities  but  the  material 
was  clean  enough  to  obtain  reliable  assignments.  As  observed  in  the  !H  spectrum,  the  methyl 
resonances  were  reversed  in  intensity  ratio  and  the  formyl  resonance  was  about  twice  the 
intensity  of  the  3-H-C<  resonance.  The  assignments  in  Table  II  were  made  with  the  aid  of 
’H  coupied  spectra  and  a  set  of  spectra  taken  with  short  delay  times  to  positively  identify  the 
formyl  and  methine  peaks. 


And  13C  NMR  Characterization  Of  [Ilu(3-CHO-acac)(acac)2  ] 


’H  NMR  spectra  of  the  Ru(III)  monoformylated  derivative  (Fig.  10)  typically  revealed  little 
e-idence  of  either  free  ligand  or  the  diformylated  complex  as  impurities  though  a  few  percent 
of  an  unidentified  paramagnetic  complex  was  apparent  (-7. 2, -8. 9  ppm).  The  small  amount  of 
this  impurity  had  no  significant  effect  on  the  characterization  of  the  complex  by  UV-Visible 
and  IR  spectroscopy,  cyclic  voltammetry  or  elemental  analysis.  The  assignments  of  the  ’H 
resonances  are  listed  in  Table  I  for  comparison  with  those  of  the  Rh(III)  analog.  The 
paramagnetic  shifts  are  quite  large  with  most  of  the  Spin  density  appearing  at  the  3 ~H-C< 
position,  a  feature  also  observed  in  the  parent  complex  [Ru(acac)j],  The  substituted  complex 
displayed  a  very  large  splitting  of  the  -Cf/j  resonances,  while  the  methine  resonances 
remained  equivalent  under  C2  symmetry.  The  formyl  resonance  did  not  display  a  very  large 
paramagnetic  shift. 

’ll  coupled  L1C  NMR  sp-ctra  of  this  derivative  (Fig  11)  clearly  displayed  three  pairs  of 
>C~0  and  -Qlj  resonances,  as  expected  for  C2  symmetry.  The  remaining  resonances  from 
the  >0-H,  >C~CHO  and  >C-0!O  nuclei  could  be  assigned  by  inspection  from  the  J Cii 
coupling  patterns  and  integrated  intensities  and  the  assignments  are  listed  below  in  Table  I 
together  with  data  for  the  corresponding  P h(III)  analog  Unlike  the  'll  NMR  spectrum,  the 
paramagnetic  shifts  of  the  ’Y."  methyl  nuclei  were  relatively  small.  Thereto. r.  the  extremely 
large  splitting  of  the  >0-0  resonances  was  quite  surprising.  However,  the  large  shifts 
observed  at  the  3-H-0<  and  3-formy!-0<  positions  were  to  be  expected  from  previous 
studies  of  [  Ru(acac)j  ].  As  observed  in  the  'll  spectrum,  there  was  only  a  small  paramagnetic 
shift  at  the  -OHO  nucleus.  This  was  also  surprising  since  the  formyl  group  is  attached  to  a 
cartxin  nucleus  with  a  large  paramagnetic  shift.  Although  formally  in  conjugation  with  the 
acac*  ring,  the  small  ’ll  and  'XT  shifts  indicate  that  this  may  not  be  so  in  the  complex. 
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SOLUTION  KINETICS  AND  MECHANISMS 


Pan  III 

NMR  Characterization  Of  The  3-Formyl  Derivatives 
Of  [Ru(acac)3  ]  And  [Rh(acac)3  j 

The  3-formyl  derivatives  of  paramagnetic  [Ru(acac)3]  were  prepared  for .  use  in  electron 
transfer  studies  involving  a  ligand  bridged  conduction  pathway.  The  Rh(IIl)  analogs  were 
prepared  principally  as  diamagnetic  references  to  measure  the  paramagnetic  shifts  of  ligand 
based  >H  and  13C  NMR  resonances  in  the  paramagnetic  Ru(III)  complexes.  These  shifts 
provide  a  means  of  assessing  the  nature  of  the  low  lying  r  molecular  orbital  system  involved 
in  the  conduction  of  electrons  across  the  ligand.  Therefore,  some  effort  was  taken  to  study 
the  paramagnetic  shift  differences  between  the  Ru(III)  and  Rh(III)  systems. 

And  1 3c  NMR  Characterization  Of  [Rh(3-CHO-acac)(acac)2  J 

The  monoformylated  derivative  of  [P-h(acac)3]  was  obtained  by  chromatographic 
separation  of  a  mixture  of  products  from  the  Vilsmeier  formylation  reaction.  TLC  plates 
indicated  that  this  material  was  pure  and  the  *H  NMR  spectrum  (Fig. 6)  confirmed  this  with 
the  appearance  of  two  distinct  types  of  methyl  peaks  (+2. 15, +2. 61  ppm)  as  well  as  single 
methine  (+5.50  ppm)  and  formyl  (+10.14  ppm)  resonances. 

Owing  to  the  long  Tj  relaxation  time  of  the  nuclei  in  this  diamagnetic  complex,  it 
was  necessary  to  acquire  NMR  spectra  using  30  second  delay  times  between  pulses.  This 
procedure  resulted  in  reasonably  accurate  intensity  ratios  in  'H  coupled  spectra,  though  NOE 
enhancements  were  observed  in  !H  decoupled  spectra,  particularly  for  the  formyl  resonance  at 
190.3  ppm  (Fig. 7).  The  sample  appeared  to  be  quite  clean  and  there  was  no  difficulty 
assigning  the  resonances  which  are  listed  below  in  Table  I. 


•H  And  13C  NMR  Characterization  Of  [Rh(3-CHO-acac)2(acac)  ] 

The  'H  NMR  spectrum  of  the  diformylated  complex  (Fig. 8)  was  essentially  the  same  as 

for  the  monoformylated  derivative  above  but  with  opposite  intensity  ratios  for  the  two  types  of 

methyl  resonances  and  with  the  formyl  proton  peak  being  about  twice  as  intense  as  that  for 
the  single  3 -H-C<  resonance.  Aside  from  the  HjO  and  CHC13  in  the  deuterated  solvent, 

there  were  also  a  few  impurity  peaks  present  in  this  spectrum.  These  arc  likely  to  be  ligand 


repurified  on  a  separate  column.  (Tollman  el  alia  had  used  alumina  with  a  mixture  of 
benzene/CH^CU  to  separate  the  monoformylated  derivative  from  [  Rh(acac)3  ^  However, 
CHCI3  seemed  to  be  preferable  for  separating  the  two  formylated  species  produced  in  the 
modified  synthesis.  Subsequent  ‘H  and  13C  NMR  spectra  of  these  products  {vide  infra)  showed 
that  they  were  the  mono-  and  diformylated  comp'xes,  as  expected.  The  samples  have  been 
characterized  by  UV-Visible  spectroscopy  as  well  but  too  little  sample  remained  for  elemental 
analyses. 


practically  identical  but  the  third  appeared  to  contain  a  significant  amount  of  [Rh(acac)3'j. 

Purification:  The  first  two  crops  were  combined  and  extracted  into  CH2Cl2  and  the 

resulting  yellow  solution  was  decanted,  leaving  behind  some  oily  droplets  which  were  miscible 
with  acetone  but  not  with  water.  The  extract  was  evaporated  to  dryness,  producing  a  yellow 
foam.  The  procedure  was  repeated  with  a  mixture  of  20  mL  of  CH2C!2  and  10  mL  of 
hexane  producing  a  fine  crystalline  material  before  complete  evaporation.  The  remaining 
hexane  was  decanted  from  the  flask  and  a  further  addition  of  10  mL  of  hexane  was  used  to 
wash  the  flask.  The  product  was  recrystallized  from  10  mL  of  CH^C12  with  addition  of  10  mL 
of  hexane  and  cooling  in  an  ice  bath.  The  golden  colored  material  was  collected  by  filtration 
as  above  and  air  dried.  A  second  crop  was  obtained  by  concentration  of  the  filtrate.  The  two 
samples  gave  the  same  UV-Visible  spectrum  but  TLC  plates  indicated  that  there  were  three 
products  in  each. 

Purification  Of  [Rh(3-CHO-acac)(acac)2  ]  and  [Rh(3-CHO-acac)2(acac)  ] 

Both  samples  were  purified  on  silica  gel  with  CHC13  as  the  eluant.  A  single  mobile, 
yellow  band  was  collected  leaving  behind  a  gold  material  at  the  top  of  the  column  and  a 
small  amount  of  another  yellow  species  nearby.  The  latter  was  removed  with  CHC13  eluant 
and  the  gold  material  was  washed  off  the  column  with  MeOH  eluant.  The  major  product, 
from  the  first  yellow  band  eluted,  was  obtained  after  evaporation  to  dryness,  extraction  into 
CH2C12,  addition  of  hexane  and  further  rotary  evaporation.  The  minor,  gold  product  obtained 
from  the  MeOH  eluant  was  also  evaporated  to  dryness  followed  by  extraction  with 
(gold  solution)  and  then  MeOH  (yellow  solution). 

The  major  product  was  characterized  by  UV-Visible  spectroscopy  and  subsequent  ’H 
NMR  spectra  revealed  that  there  were  resonances  attributable  to  the  formyl  substituent. 
However,  the  ,3C  NMR  spectrum  displayed  more  resonances  than  expected  and  their  intensity 
ratios  could  not  be  interpreted  in  terms  of  either  the  monoformylated  or  diformylatcd 
derivatives  of  [Rh(acac)3]  This  was  not  altogether  surprising  since  alumina  TLC  plates  of  the 
"single  band"  eluted  from  a  silica  gel/CHC!3  column  tended  to  suggest  the  presence  of  two 
species.  The  difficulty  here  was  discerning  any  visible  difference  between  the  species  and  the 
starting  material.  All  species  are  faintly  yellow  owing  to  the  tail  of  a  transition  in  the  UV 
region.  The  alumina  TLC  plates  were  convincing  only  in  the  light  of  the  NMR  spectra. 

Consequently,  the  major  product  was  re-purified  by  column  chromatography  using 
alurnina/CIICI3.  The  first  passage  partly  separated  the  two  species  and  then  each  fraction  was 


Therefore,  a  Ruthenium  analysis  was  performed  using  the  new  Perkin  Elmer  ICP  Atomic 
Emission  instrument  at  N.R.L.  to  check  these  findings.  Only  [Ru(acac)3],  for  which  plenty  of 
sample  was  available,  was  analyzed.  Two  standard  solutions  were  prepared  from  RuC13.3H20: 
one  was  simply  dissolved  in  H20;  a  second  was  digested  in  2  mL  of  cone.  HN03  on  a  hot 
plate.  The  complex  was  similarly  digested.  Each  sample  was  diluted  with  deionized  water  to 
MO  ppm  for  analysis.  The  standard  prepared  without  digestion  measured  -^6%  lower  than  that 
in  HN03.  Therefore,  there  is  a  small  matrix  effect,  even  with  the  ICP  technique.  The 
resulting  analysis  of  [  Ru(acac)3  ]  vs  RuCl3  in  HN03  was  24.93%  (expected:  25.37).  Given  the 
uncertainty  of  RuC13.3H20  as  a  standard  this  was  a  good  result.  Thus,  Schwarzkopf's  high 
results  were  quite  erroneous. 

Preparation  Of  [Rh(3-CHO-acac)(acac)2  ]  and  [Rh(3-CHO-acac)2(acac)  ] 

These  species  were  previously  reported  by  Coilman  et  alia  using  the  Viismeir  formylation 
reaction  for  Rh(acac)3  ]  in  DMF  solution.^  However,  even  using  a  9  fold  excess  of 
POCl3:Rh  the  yield  reported  for  a  105  min  reaction  at  room  temperature  was  only  7%,  the 
remainder  being  the  starting  material.  Such  a  poor  yield  would  have  been  unacceptable  here 
for  obtaining  sufficient  sample  for  NMR  spectroscopy  since  only  a  1  gram  sample  of 

[Rh(acac)3]  was  available.  Furthermore,  Dr.  Binstead's  experience  of  these  reactions  suggested 
that  they  were  kinetically  controlled  so  that  longer  reaction  times  would  be  more  favorable 
than  a  large  excess  of  POCl3  reagent.  Side  reactions  appear  to  be  inevitable  so  that  the  crude 
products  must  be  chromatographed  in  any  case.  Therefore,  a  synthesis  was  attempted  with 

only  a  2  fold  excess  of  POCI3  (as  used  for  the  Ru(lll)  case)  but  with  a  reaction  time  of 

about  18  hours  to  ensure  more  complete  reaction  and,  hopefully,  a  better  yield. 

2:1  Preparation:  1  g  (2.5  mmol)  of  97%  [Rh(acac)j]  (Aldrich)  was  dissolved  in  15  mL 
of  dry  DMF  (Aldrich,  Sure  Seal)  with  warming.  The  solution  was  cooled  in  an  ice  bath  and 
stirred  magnetically  during  dropwisc  addition  of  a  solution  of  0.47  mL  (5  mmol)  of  POCl3  in 
10  mL  of  DMF.  The  reaction  mixture  was  allowed  to  warm  to  room  temperature  and  was 
stirred  for  18  hours.  The  reaction  was  quenched  by  addition  of  1.1  g  of  NaHC03  in  ice 

water  (175  mL  total  volume).  This  mixture  was  stirred  for  6  hours  before  a  fine  precipitate 

began  to  form.  The  mixture  was  cooled  overnight  in  a  refrigerator  before  collection  of  the 

yellow  product  by  filtration  followed  by  washing  with  water.  A  second  crop  was  obtained  by 
rotary  evaporation  of  the  filtrate  and  addition  of  further  water  (50  mL)  to  the  concentrated 

DMF  solution.  The  procedure  was  repeated  for  a  third,  sticky  crop.  After  air  drying, 

UV-Visible  spectra  of  the  crude  samples  were  obtained  in  ethanol  solution  and  were  compared 
with  the  spectrum  of  the  starting  material.  These  indicated  that  the  first  two  crops  were 


the  difomnylated  species  was  repurified  on  the  same  silica  gel  column  using  a  constant  1% 
MeOH/CH2Cl2  eluant  mixture.  TLC  plates  of  the  resulting  product  showed  no  traces  of  the 
minor  impurities. 

4:1  Preparation:  The  mono-  and  diformylated  products  were  separated  as  a  single  band 
from  the  remaining  byproducts  on  a  silica  gel  column  using  CHC13  eluant.  Similarly,  the  3-4 
minor  products  were  collected  as  a  mixture  and  the  brown  material  at  the  top  of  the  column 
was  removed  using  methanol  eluant  for  further  investigation.  The  mono-  and  diformylated 
products  were  separated  on  a  fresh  silica  gel  column  using  CH^C12  +  (1%  0.2%)  MeOH 
graded  eluant  mixtures  as  described  above.  The  minor  products  were  separated  in  a  similar 
fashion  with  a  constant  1%  MeOH/CH2Cl2  eluant  and  the  final  band  was  removed  with  2% 
MeOH/CH2Cl2. 

The  purified  samples  of  [  Ru(3-CHO-acac)(acac)2  ]  and  [Ru^-CHO-acac^acac)  ]  were 
recovered  as  deep  red  solids  by  rotary  evaporation  from  a  50:50  mixture  of  CH^l^n-hexane. 
They  were  Subsequently  recrystallized  from  a  50:50  mixture  of  CH2Cl2fn-hexane  by  slow 
evaporation,  then  collected  by  filtration  and  washed  with  n-hexane.  The  samples  were  dried 
under  high  vacuum  to  remove  traces  of  solvent. 

Elemental  analyses:  Purified  samples  of  [Ru(acac)3],  [  Ru(3-CHO-acac)(acac)2  ]  and 
[  Ru(3-CHO-acac)2(acac)  ]  produced  quite  satisfactory  C  and  H  analyses.  However, 
Schwarzkopf  Laboratories  reported  very  high  values  for  the  metal  analyses  (30-35%)  by 
Atomic  Absorption  even  with  a  new  standard  solution  and  one  prepared  from  RuCl3.3H20. 


Sample: 

%  Ru 

%  c 

%  H 

%  O 

[  Ru(acac)3  ] 

(theory) 

25.37 

45.20 

5.31 

24.10 

(found) 

24.93 

44.89 

4.96 

— 

[  Ru(3-CHO-acac)(acac)2  ] 
(theory) 

23.70 

45.07 

4.96 

26.27 

(found) 

??? 

45.37 

4.93 

— 

[  Ru(3-CHO-acac)2(acac)  ] 
(theory) 

22.24 

44.93 

4.66 

28.17 

(found) 

??? 

45.00 

4.74 

— 

Assessment  Of  Purity:  Silica  gel  TLC  plates  were  used  with  CHCI3  eluant  (0.75%  ElOH 
stabilizer)  to  ascertain  the  purity  of  the  crude  solid.  These  indicated  that  the  sample  contained 
mostly  diformylated  product  (brown)  and  about  10-20%  of  the  monoformylated  complex  (red). 
The  sample  also  contained  3-4  very  minor  products  (all  brown)  following  the  two  formylated 
species  and  some  deep  brown  decomposition  products  which  did  not  elute.  Therefore, 

chromatographic  separation  of  the  mono-  and  di-formylated  species  would  most  likely  lead  to 
a  worthwhile  amount  of  the  diformylated  complex,  of  which  there  was  only  a  small  amount 
recovered  from  the  2:1  scale  preparation. 

Purification  Of  [Ru(3-CHO-acac)(acac)2  ]  and  [Ru(3-CHO-acac)2(acac)  ] 

Since  commercial  CHC13  (0.75%  EtCH  stabilizer)  is  ineffective  at  separation  of  the 

formylated  derivatives,  except  at  low  loadings  on  high  mesh  TLC  plates,  CH2CI2  (Aldrich 

HPLC)  was  used  in  combination  with  small  amounts  of  methanol  (Fisher  ACS)  on  a  silica  gel 
column  to  control  the  elution  rate  and  to  effect  improved  separation. 

2:1  Preparation:  The  crude  product  from  the  formylation  reaction  was  purified  by 

chromatography  on  silica  gel  (Aldrich  70-230  mesh)  on  a  35  cm  x  5  cm  (i.d.)  column  using 
CHCI3  (Fisher  ACS)  as  the  eluant.  This  separated  a  very  small  amount  of  [Ru(acac)3]  before 
the  major  product  band  (deep  red)  which  was  followed  by  a  number  of  faint  impurity  bands 
and  a  small  amount  of  brown  residue  on  the  top  of  the  column.  The  resulting  deep  red  band 
was  collected,  taken  to  dryness  by  rotary  evaporation  and  spot  tested  on  silica  gel  TLC  plates 
(Baker)  for  purity  using  CHCI3  eluant.  The  product  contained  both  the  mono-  and 

diformylated  species. 

The  formylated  derivatives  were  separated  on  another  silica  gel  column  prepared  in  a 
mixture  of  1%  MeOH/CH^lj.  Half  of  the  formylated  product  was  loaded  in  0.5% 

MeOH/CH2Cl2  and  eluted  with  this  solvent  mixture  until  half  way  down  the  column.  The 
eluting  strength  was  gradually  reduced  to  0.1%  MeOH  by  the  time  the  first,  red  product 

(monoformylated  derivative)  had  reached  the  end  of  the  column.  The  solvent  gradient 

continued  to  elute  the  first  red  product  while  the  second,  brown  product  (diformylated 
derivative)  became  increasingly  well  retarded.  After  washing  the  red  product  from  the  column 
the  second  band  was  removed  using  2%  MeOH/CH^CI2.  This  resulted  in  recombination  of  two 
faint  impurity  bands  with  the  brown  product.  The  two  separated  products  were  evaporated  to 
dryness  and  spot  tested  using  TLC  plates  as  above.  The  red,  monoformylated  product  was 
very  pure,  while  the  diformylated  product  showed  the  presence  of  the  expected  impurity  bands 
washed  with  it  from  the  column  and  a  tiny  amount  of  monoformylated  product.  Therefore, 


becomes  progressively  deactivated  towards  electrophilic  attack  with  the  addition  of  each  formyl 
substituent.  Such  conditions  lead,  instead,  to  total  destruction  of  the  complex,  probably  as  a 
result  of  acid  hydrolysis. 

2:1  Preparation:  2  g  (5mmol)  of  [Ru(acac)j]  (Aldrich  97%)  was  dissolved  in  25  mL  of 
dry  /V,.V'-Dimethylformamide  (Aldrich,  Sure-Seal)  and  then  cooled  in  an  ice  bath.  The  cold 
[Ru(acac)3]  solution  was  added  drcpwise  with  stirring  to  a  solution  of  1.0  mL  of  POCl3 
(10  mmol)  in  10  mL  of  DMF,  which  was  kept  cold  in  an  ice  bath.  The  mixture  was  then 
allowed  to  warm  to  room  temperature  and  was  stirred  for  6  hours.  The  reaction  was 
quenched  with  the  addition  of  2.12  g  of  NaHC03  in  a  deionized  ice  water  slurry  (•'-150  mL 
H20).  The  mixture  was  stirred  overnight  and  then  cooled  in  an  ice  bath.  The  resulting 
product  was  filtered  off  and  a  second  crop  was  obtained  by  concentration  (rotary  evaporation) 
and  addition  of  more  deionized  water.  Both  crops  were  washed  with  water,  air  dried  and  then 
extracted  into  CHC13,  filtered  to  remove  inorganic  impurities  and  the  deep  red  filtrate  was 
evaporated  to  dryness  by  rotary  evaporation.  The  aqueous  residue  was  evaporated  to  near 
dryness  and  extracted  with  CHC13  to  obtain  a  third,  impure  crop  which  was  discarded.  The 
remaining  sticky,  brown  residue  did  not  contain  any  further  useful  product. 

Assessment  Of  Purity:  Silica  gel  TLC  plates  (Baker)  were  used  with  CHC13  eluant  to 
ascertain  the  purity  of  the  samples.  These  indicated  that  the  first  two  crops  contained  mostly 
the  monoformylated  product  and  about  20%  of  the  diformylated  complex.  Otherwise  the 
samples  were  quite  clean  and  no  evidence  was  found  for  the  starting  complex.  Therefore, 
chromatographic  separation  of  the  mono-  and  di-formylated  species  would  most  likely  lead  to 
two  pure  species  from  this  preparation. 

4:1  Preparation:  2  g  (5mmol)  of  [Ru^cac^]  (Aldrich  97%)  was  dissolved  in  30  mL  of 
dry  iV,iV'-Dimethylformamide  (Aldrich,  Sure-Seal)  and  then  cooled  in  an  ice  bath.  The  cold 
Ru(acac)3  solution  was  added  dropwise  with  stirring  to  a  solution  of  1 .9  mL  of  POCl3  ('-20 
mmol)  in  20  mL  of  DMF,  which  was  kept  cold  in  an  ice  bath.  The  mixture  was  then 
allowed  to  warm  to  room  temperature  and  was  stirred  for  about  6  hours.  The  reaction  was 
quenched  with  the  addition  of  4.03  g  of  NaHC03  in  a  deionized  ice  water  slurry  (■'-200  mL 
H20).  The  mixture  was  stirred  overnight  and  then  cooled  in  an  ice  bath.  No  initial  product 
was  obtained  so  the  reaction  mixture  was  concentrated  (rotary  evaporation),  extracted  into 
CHC13  and  filtered  through  Cellite  to  remove  some  oily  byproduct.  The  deep  red  filtrate  was 
evaporated  to  near  dryness  (some  DMF  remained)  and  a  crude  solid  was  obtained  by 
extraction  into  CH2C12  and  addition  of  excess  n-hexane  (Aldrich,  Sure-Seal).  The  solid  was 
collected,  washed  with  n-hexane  and  air  dried. 


SOLUTION  KINETICS  AND  MECHANISMS 


Part  II 

Preparation  and  Purification  Of  The  3-Formyl  Derivatives 
Of  [  Ru(acac)3  ]  And  [  Rh(acac)j  ] 

The  formylation  of  [M(acac)3]  complexes  is  commonly  undertaken  using  the  Vilsmeier 
reaction. This  scheme  uses  the  DMF  solvent  as  a  reagent  with  POCl3  to  produce  a  reactive 
intermediate, 1^ 


POCI3  +  DMF  4  [(Me)2-CH-€1  ]*[P02C12]- 

which  then  performs  an  electrophilic  attack, 

M(acac)3  +  [  ...  ]  4  (3-X-acac)QM(acac)3_n 


producing  the  complexed  intermediate, 


X  -  3  - (Me ) j-CHCl 


M  -  Ru 


Figure  5 

The  intermediate  can  be  hydrolysed  to  the  formylated  product  with  the  addition  of  Hp  and 
stoichiometric  NaHC03  to  neutralize  the  acid  so  formed,  an  important  consideration  given  the 
acid  lability  of  the  ligands. 


Preparation  Of  [Ru(3-CHO-acac)(acac)2  ]  and  [Ru(3-CHO-acac)2(acac)  ] 


The  Vilsmeier  formylation  reaction  was  found  to  be  quite  effective  at  deiivatizing  one 
acac"  ligand  of  [  Ru(acac)3  ]  but  even  this  required  an  excess  of  POCl3  for  completion. 
Typically,  the  monoformylated  derivative  required  a  2:1  ratio  of  POC^xomplex  though  this 
also  produced  ~20%  of  the  diformylated  derivative  as  well.  In  order  to  produce  mostly  the 
diformylated  product  a  4:1  ratio  was  required.  Even  large  excesses  of  POCI3  and  long  reaction 
times  failed  to  produce  any  of  the  trifcrmylated  product  and  it  appears  that  the  complex 


2-acetyl -1 ,3-btdn" 


0 


Figure  4 


The  previous  studies  on  the  rates  of  electron  transfer  between  Ti(lII)  ion  and 
[  Ru(acac)2(3-CHO-acac1  ]  are  presumed  to  be  incorrect  due  to  gross  impurities  in  the  samples 
of  the  Ru(IlI)  complexes.  This  preliminary  reinvestigation  has  shown  that  the  3-formyl 
substituted  ligand  acts  as  an  excellent  electronic  conductor.  Not  only  does  the  monoformyl 
complex  react  ~2600  times  faster  than  [  Ru(acac)3  ]  with  Ti(lII)  ion  but  once  reduced  to  the 
Ru(ll)  oxidation  state  it  reacts  with  02  quite  rapidly  and  then,  of  course,  consumes  further  of 
the  excess  Ti(III)  reductant.  The  previous  workers  do  not  appear  to  have  taken  precautions  to 
exclude  oxygen  from  their  measurements. 


Summary  Of  The  Kinetic  Behaviour  Of  [Ru(acac)2(3-CHO-acac)  ] 

The  previous  workers  observed  two  exponential  decay  curves  in  the  reaction  of  Ti(IlI) 
ion  with  [  Ru(acac)2(3-CHO-acac)  ].  The  second,  slower  reaction  appeared  to  be  independent 
of  both  £ Ti(IIl)  ]  and  [H*].  These  workers  assumed  that  the  second  decay  curve  could  only 
be  ascribed  to  a  scheme  where  the  initial  decay  produced  a  bridged  intermediate, 
[  Tim-(ligand)-Rum  ],  followed  by  a  slower,  first  order  decay  with  slow  electron  transfer  across 
the  bridging  ligand  to  produce  the  TiIV/Run  redox  products. 

An  alternative  explanation  for  the  previous  observations  C3n  be  made  based  on  initial 
formation  of  the  final  [  Ru:l(3-CHO-acac)(acac)2  ]"  product  followed  by  a  reaction  with  other 
Ru(Ill)  contaminant  species  which  do  not  react  as  rapidly  with  Ti(IIl)  by  themselves.  In  this 

scheme  the  monoformylated  complex  would  act  as  a  catalyst  for  the  oxidation  of  the 

contaminant  Ru(III)  species  by  Ti(Ill)  ion.  Since  they  did  not  vary  the  initial  concentration  of 
the  Ru(lll)  oxidant,  such  a  following  reaction  would  then  appear  to  have  a  constant  observed 
rate.  This  explanation  could  be  tested  by  kinetics  measurements  with  the  deliberate  addition  of 
suspected  Ru(IU)  contaminants.  Finally,  this  work  has  demonstrated  that  the  literature 
precedent  for  "slow  electron  transfer"  across  the  3-formylacac-  bridging  ligand  is  false.  A 

reinvestigation  of  the  kinetics  of  this  reaction  will  be  combined  with  the  and  13C  NMR 

spectroscopy  to  characterize  the  electronic  conduction  pathway  across  the  3-formylacac-  ligand. 


Subsequently,  Dr.  Robert  Binstead  (Geo-Centers)  was  assigned  the  task  of  completing  this 
work.  During  the  course  of  following  the  previous  synthetic  procedures.  Dr.  Binstead 
discovered  that  there  were  a  variety  of  species  formed  both  in  the  preparation  of  [R>(acac)3] 
and  in  the  Vilsmeier  formylation  of  [Ru(acac)3],  Most  of  these  impurities  could  not  be 
removed  by  the  recrystallization  methods  used  in  the  previous  work  since  they  all  have  very 
similar  solubility  properties  to  the  desired  products.  Indeed,  the  complexes  were  quite  difficult 
to  purify  even  by  chromatography  and  required  very  high  ratios  of  adsorbent.complex  mixture 
for  adequate  separation  with  the  best  eluant  choices.  The  purification  procedures  required  a 
great  deal  of  time  before  sufficient  sample  was  available  for  further  work.  The  purified 
Ru(IIl)  complexes  [  Ru(acac)3  ],  [  Ru(acac)i(3-CHO-3cac)  ]  and  [  Ru(acac)(3-CHO-acac)2  ]  were 
characterized  by  'H  and  NMR  spectroscopies  and  were  of  known  purity. 

While  Dr.  Berrie  did  attempt  to  purify  her  final  3-  formyl  product  on  a  silica  gel  column 
she  used  methanol  as  the  eluant  which  has  been  shown  to  result  in  elution  of  all  species  in  a 
single  oand  from  the  column.  Thus,  there  was  effectively  no  purification  of  the  product.  Dr. 
Binstead's  reinvestigation  of  the  kinetics  of  the  reaction  between  Ti(IlI)  ion  and  purified 
[  Ru(acac)2(3-CHO-acac)  ]  under  similar  conditions  to  those  used  by  Berrie  and  Early  revealed 
NO  EVIDENCE  OF  ANY  INTERMEDIATE.  The  kinetics  were  clean,  displaying  a  single 
exponential  increase  in  absorbance  at  440  nm  corresponding  to  formation  of  the  Ru(ll) 
product.  Under  the  conditions  used  {  T  =  25.5*C,  [Ti(IIl)  ]  -  0.0125  M,  [H«]  0.075  M, 
I  =  1.0  M  (NaCl-HCl)  }  the  pseudo-first  order  rate  constant  was  found  to  be  kofcsd  -  80  s-1 
which  is  about  25%  faster  than  observed  by  Dr.  Berrie  for  her  first  decay  curve.  There  was 
no  sign  of  a  subsequent  20  s"1  decay.  Similar  results  were  obtained  at  510  nm.  As  expected, 
there  were  very  slow,  following  absorbance  changes  due  to  the  rise  in  turbidity  from  Ti(lV) 
polyhydroxo  species  and  the  decomposition  of  [  Ru,1(acac)3  J". 

Measurements  were  also  made  using  a  3  month  old  solution  of  the  monoformylated 
complex.  Interestingly,  although  the  kinetics  traces  were  clean,  single  exponential  decays,  the 
observed  rate  was  slower,  o+>»d  ""  This  result  is  consistent  with  the  observation  of 

subtle  changes  in  the  UV-Visible  spectrum  of  this  solution  which  could  be  interpreted  in 
terms  of  a  slow  isomerization  reaction  to  the  thermodynamically  favored  isomer 
2-acetyl-butane-l  ,3-dionato  complex  (Fig. 4). 10  Thus,  the  time  dependence  of  the  kinetics 
should  be  studied  over  the  first  few  days  after  dissolution  of  the  3-formylacac  complex  to 
determine  the  rate  constant  at  zero  time  since  it  takes  about  a  day  to  dissolve 
[  Ku(3-(..'HO-acac)(acac)2  ]  in  aqueous  media  at  IxlO'4  M. 


the  substrate  and  Ti3"  by  looking  for  Deuterium  isotope  effects  on  the  rate.  Comparisons  can 
be  drawn  from  previously  published  work  on  proion  coupled  electron  transfer .9 

It  should  be  noted  that  Early  el  alia  had  previously  found  a  good  linear  free  energy 
relationship  for  reactions  between  Ti-OH2*  and  Ru(Ill)  oxidants  of  the  type  [  RufNHjJ^L)  ]n* 
where  L  =  NH->,  pv,  Cl"  and  OH2  ,  none  of  which  can  act  as  a  H*  acceptor  in  reactions 
with  Tt3*  ion.  Therefore,  it  is  not  surprising  that  none  cf  these  yielded  a  measurable 
contribution  from  a  pathway  involving  Ti3*  ion.  The  [Ru(acac)3]  complex  should  be 
considered  an  extraordinary  oxidant  being  capable  of  mediating  electron  and  proton  transfer 
with  the  Ti3*  ion  as  well  as  normal  outer-sphere  electron  transfer  with  the  Ti-OH2'*'  oxidant. 
The  mechanisms  of  these  reactions  are  clearly  far  more  complex  than  envisaged  by  Early  and 
coworkers  and  deserve  further  study 

Kinetic  Data  For  The  Reaction  Between  Ti(III)  and  [Rum(acac)2(3-CHO-acac)] 

The  kinetics  of  the  electron  transfer  reaction  between  Ti(lII)  ion  and  the  monoformylated 
derivative,  [  Ru(3-CHO~acac)(acac)2  J,  were  first  reported  by  Berrie  and  Farly.^.3 
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Figure  3 

These  authors  claimed  to  observe  two  exponential  decays  during  the  reaction,  the  faster  one 
being  dependent  on  [ Ti(lll)  ]  and  [H*]  while  the  slower  decay  (20  s*1)  was  independent  cf 
initial  concentrations  and  appeared  to  correspond  to  slow,  intramolecular  electron  transfer 
within  a  bridged  intermediate  formed  in  tue  initial,  faster  decay.  This  would  indeed  have  been 
an  extraordinary  observation  since  it  was  out  of  line  with  previous  measurements  of  the  rates 
of  electron  transfer  between  Ti(IIl)  and  Ru(lll)  complexes  via  inner-sphere  mechanisms. ^ 

Dr.  Barbara  Berrie  studied  a  similar  reaction  at  N.R.L.  where  the  3-CHO  moiety  was  further 
oxidized  to  the  carboxylate  group  with  Tollen’s  reagent.  In  this  case  the  same  type  of 
behaviour  was  observed  but  with  a  slower  decay  of  the  intermediate  (M  s*’).  In  collaboration 
with  Dr.  Robert  Kessler,  attempts  were  made  to  characterize  this  intermediate  using  resonance 
K.tman  spectroscopy  but  their  work  was  unsuccessful. 


dependence  with  A'a  =  4x1  O'3  for  Ti-OHj2*  Ti-OH2*  +  H*.  Clearly,  the  Table  heading 

referred  to  reaction  (A)  while  the  values  for  reaction  (B)  were  their  raw  evaluations  of  kobiii 
(s_1).  However,  these  values  would  then  yield  second  order  rate  constants  of  O.S  M'1  s’1  and 
7  M"1  s'1,  respectively,  somewhat  negating  the  match  of  the  rate  constants  with  a  previous 
linear  free  energy  relationship  of  log  k  vs  i i6  ’  (V)  for  [  Ru(NH3)s(L)  ]n*  type  oxidants.^ 

Secondly,  even  these  corrected  values  could  not  be  reproduced  in  this  laboratory  under 

similar  conditions  {T=25'C,  1=1.0  M  (NaCl-HCl).  0.2  mM  [Ru(acac)3],  [Ti(III)  ]  -  0.0125  M, 
[H*]  ~  0.075  M  and  ~  0.025  M}.  The  pseudo-first  order  rate  constants  obtained  under  these 
conditions  were  "43. 03  s_1  at  [H*]  ~  0.075  M  and  "-Q.15  s'1  at  [H*]  ~  0.025  M.  After 

correction  for  the  difference  in  [Ti(lll)]  these  results  are  faster  by  a  factor  of  ■'-2.3026 

(logt10).  This  arose,  presumably,  from  the  previous  authors*  penchant  for  graphical  fits  on 
logfl-linear  graph  paper!  The  stopped-flow  data  acquisition  program  of  Dr. J.C. Cooper  does, 
however,  evaluate  the  rate  constants  correctly.  Thus,  the  second  order  rate  constants  are 

<  2.4  M"1  S71  for  Ti3*  and  >i2  M'1  s"^  for  Ti-OH2*.  The  previous  authors  really  wanted 

the  latter  value  to  be  *-l  M'1  s'1  since  this  was  the  value  they  calculated  from  their  previous 

linear  free  energy  relationship. ? 

The  approximation  signs  on  the  redetermined  rate  constants  above  arise  from  (a)  lack  of 
exact  calibration  of  the  Ti(lll)  concentration  (a  temporary  matter)  and  (b)  in  the  case  of  the 
high  acid  runs  the  AM  values  are  subject  to  error  from  the  following,  apparently  zero-order 

decomposition  of  the  Ru(II)  product  monitored  during  the  reaction  (Note:  only  a  tiny  fraction 
of  the  following  reaction  was  monitored  and  if  followed  to  completion  it  would  probably 

appear  as  a  first  order  exponential  decay).  In  this  case,  the  apparent  pseudo-first  order  rate 
constants  vary  with  wavelength  somewhat  (0.026  -  0.034  s'1)  being  slower  where  the  A*  drift 
is  in  the  same  direction  as  the  decay  curve  and  faster  where  the  drift  opposes  the  decay 
curve.  This  could  be  remedied  by  stud:e$  at  higher  [Ti(III)],  to  make  the  redox  reaction 
faster,  or  through  fitting  the  data  to  a  better  model  to  take  into  account  the  following 

product  loss.  The  low  acid  runs  were  not  affected  by  the  slow  product  loss  since  the  rate  was 
5  times  faster  than  at  0.075  M  H*.  These  measurements  were  made  both  in  air  saturated  and 
argon  bubbled  solutions  and  with  both  a  fresh  and  3  month  old  solutions  of  [  Ru(acac)3  ].  No 
differences  were  observed  among  these  combinations. 

In  summary,  the  kinetics  of  the  cross  reaction  between  [  Ru(acac)3  ]  and  Ti(III)  ion  are 

clean  arid  with  a  little  more  work  a  full  pH  dependence  of  the  kinetics  and  electrochemistry 

could  be  presented  to  correct  the  literature  values.  In  particular,  the  appearance  of  a  reaction 
pathway  involving  Ti1*  ought  to  l>e  studied  to  determine  whether  ii*  transfer  occurs  between 


The  overall  reaction  scheme  is  given  by: 


pH<2.4  Tilv(0)2*  +  2H*  1 

Ti^'-OH,3*  +  RuI11(acac)3  - >  I  Ti^OH)3*  +  H*  1  +  Ru,!(acac)3“ 

l  Tilv(OH)22*  +  2H*  J 

An  initial  outer-sphere  electron  transfer  would  produce  Tifv-OH24*  which  is  strongly 
disfavored  even  even  in  highly  acidic  media.  This  produces  an  additional  free  energy  barrier, 
AGJcid,  for  electron  transfer  which  depends  on  the  pH  and  the  pAT^’s  of  the  Ti(lV)  product. 
The  previous  kinetic  measurements  of  Early  et  alia  did  not  extend  below  pH  1  but  there  is 
some  suggestion  in  their  data  that  the  rate  will  fall  off  further  in  the  range  pH<l  so  that 
the  kinetic  model  used  by  these  authors  is  not  strictly  correct.*  A  plot  of  <fcobsd  vs  pH  from 
the  previous  work  displayed  rather  imprecise  measurements  and  their  limiting  rates  for  the 
Ti3*  and  TiOH2*  reductants  are  somewhat  unreliable. 

The  conjugate  base  Ti-OH2*  has  far  lower  H*  restrictions  on  an  outer-sphere  electron 
transfer  step  which  should  be  consequently  more  rapid  than  through  the  Ti3*  io  Rates  of 
cross  reactions  for  Ti-OH2*  follow  the  Marcus-Hush  relationship  with  a  variety  of  Ru(lll) 
oxidants  indicating  that  this  species  is  "normal"  in  the  free  energy  sense. These  include 
[  Ru(NH3)<>  ],  [Ru(NH3)5{py);p*,  [  Ru(NH3)5(Hp)  and  [  Ru(NH3)j{C1)  ]2*.  The  reason  for 
the  well  behaved  nature  of  the  Ti-OH2*  reductant  can  be  appreciated  from  the  following 
reaction  scheme : 


pH>2.4 

TilH-OH2*  +  Rum(ac3c)3 


r  Tilv=02*  +  H* 
->  Ti'V-OH3* 

l  Tirv(OH)22*  +  H* 


+  Ru,,(acac)3“ 


Above  pH  2.4,  where  Ti-OH2*  predominates,  there  would  be  no  net  change  in  H* 
composition  between  reactants  and  products  if  Ti(IV)  exists  as  the  Ti-OH3*  species  (or  this 
species  is  not  highly  disfavoured  at  least)  resulting  in  a  "normal"  outer-sphere  electron 
transfer  reaction.  Inverse  acid  dependence  would  be  expected  in  the  region  of  the  pAT,  since 
Ti3*  ion  would  necessarily  react  more  slowly  than  Ti-OH2*  in  an  outer-sphere  mechanism. 


The  previous  workers  presented  a  table  of  pseudo-first  order  rate  constants  for  two 
reactions  with  (D)  corresponding  to  the  reaction  of  [  Ru(aeac)3  ]  (0.2  mM)  with  Ti(IU)  in 
LiCl-HCl  (1=1.0  M,  T=25'C)  where  [ Ti(lII)  ]  =»  0.010  M  and  [H*]  =  0.004  -  0.080  M.1  The 
Table  headings  list  the  rate  constants  as  102fcobvl  (s'1)  with  numeric  values  of  0.054  -  0.0006. 
First,  such  slow  values  of  would  give  second  order  rate  constants  in  the  range  0.054  - 

0.00%  M'1  s'1  while  these  authors  report  limiting  rate  constants  of  0.08  M*1  s'1  (for  Ti3*) 
and  0  7  M'1  s'1  (for  Ti-OH2*),  evaluated  from  a  linearized  plot  for  the  inverse  acid 


The  "blue"  Ti(IIl)  species  was  able  to  be  prepared  in  this  laboratory  bv  dissolution  of 

TiH2  in  concentrated  HC1  under  rigorously  purged  conditions.  The  color  began  to  turn  mauve 
overnight  and  after  exposure  to  the  atmosphere  the  color  became  violet  within  a  few  hours.  It 
remains  to  be  established  whether  the  blue  species  is  TiCl3  or  some  other  complex  and 
whether  it  can  be  prepared  in  more  dilute  HC1  media.  The  speciation  of  Ti(III)  in  HC1 
media  is  clearly  cf  importance  for  the  kinetic  studies  with  Ru(IIl)  complexes. 

Kinetic  Data  For  The  Cross  Reaction  Between  Ti(III)  Ion  And  [Ruin(acac)3  ] 

Only  a  few  examples  have  been  reported  where  Ti^  ion  reacts  with  an  outer-sphere 

oxidant  at  a  measurable  rate  rather  than  via  initial  deprotonation  to  Ti-OH2*.  Most  often  the 
H+  restrictions  on  the  outer-sphere  pathway  give  rise  to  an  infinitesmal  rate  via  Ti-**  ion. 
Those  species  where  a  pH  independent  Ti^*  pathway  is  observed  include  [Ru(acac)3].  Ti(III) 
solutions  react  with  [Ru(acac)3]  in  HC1  media  at  relatively  modest  rates  and  display  the 
expected  inverse  acid  concentration  dependence  implying  that  Ti-OH2*  is  the  effective 

reductant.  Hbwever,  unlike  most  outer-sphere  reactions  with  Ru(III)  oxidants  a  slower,  "acid 

independent"  pathway  involving  the  Ti**  icn  has  been  reported  in  kinetic  studies  by  Early  et 
alia .1 


[Ti(H20)6p*  reacts  with  [Ru(acac)3]  via  what  appears  to  be  an  outer-sphere  electron 
transfer  pathway  owing  to  the  substitution  inertness  of  the  Ru(III)  complex.  However,  the 
actual  mechanism  may  well  be  more  complex,  involving  H*  as  well  as  electron  transfer  steps 
between  Ti1*  and  the  substrate.  While  [  Ru(acac)3  ]  is  kinetically  inert  to  ligand  substitution  the 
measured  rate  constants  are  not  particularly  high  and  there  may  be  the  possibility  of 
associative  kcto-enol  isomerization  during  reaction  assisting  the  necessary  removal  of  a  H* 
from  Ti5*  in  the  redox  step. 

Another  possibility  involves  H*  transfer  at  the  3-C  position  of  the  acac"  ring  from  Ti3* 
ion  in  the  associative  step  prior  to  electron  transfer  or  concommitant  with  electron  transfer. 
NMR  studies  of  [Co(acac)3]  in  acidic  DjO  have  demonstrated  rapid  exchange  of  the  methine 
proton  ascribed  to  the  equilibrium;^ 
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Figure  2 


inner-sphere  oxidants  atom  transfer  steps  provide  alternate  reaction  pathways.  Oxidation  of 
Ti(lll)  at  an  electrode  surface  also  presumably  occurs  via  Ti-OH2*  so  that  accurate  E  j 
measurements  must  rely  on  rapid  equilibration  of  the  H*  transfer  steps  before  and  after 
electron  transfer.  This  may  not  always  be  achieved  even  in  the  slow  polarographic  experiment. 
It  is  important  to  note  that  dilution  of  5  mL  of  Ti(III)  solution  in  3  M  HC1  (15  mmol  H*) 
into  a  0.1  M  NaOH  solution  (10  mmol  OH')  produces  a  slow  color  change  from  mauve  to 
brown  followed  by  a  slower  return  to  mauve,  as  dictated  by  the  final  [H*].  Clearly,  the 
electrochemistry  of  the  Ti(l V)/(III)  couple  needs  to  be  reinvestigated  using  fast  sweep  cyclic 
voltammetry  to  ascertain  whether  these  redox  potentials  include  a  kinetic  overpotential  term. 

The  Speciation  of  Ti(III)  In  Acidic,  Aqueous  Media 

The  UV-Visible  spectrum  normally  associated  with  violet  colored  solutions  of  Ti3+  ion  in 
HC1  media  consists  of  a  slightly  split  band  with  Xmax  ~  500  nm  (e  ~  5  M_1  cm’1)  and  has 
been  ascribed  to  the  [T^OH^]3*  species  in  such  vaunted  texts  as  Cotton  &  Wilkinson's 
"Advanced  Inorganic  Chemistry",  where  it  is  used  to  illustrate  the  Jahn-Teller  splitting  of  the 
first  d-d  transition  for  this  d1  ion.  In  an  early  review  article  of  Intervalence  Transfer 
spectroscopy,  Allen  and  Hush  have  summarized  the  known  dimerization  chemistry  for 
Ti(III)/Ti(IV)  mixtures  formed  by  partial  oxidation  of  Ti3*  solutions  in  11.65  M  HC1  media. ^ 
.Alien  and  Hush  reported  an  association  constant  of  11.7  M_l  in  11.65  M  HC1  for  dimerization 
to  form  a  mixed-valence  Ti(lII)— Ti(lV)  ion.  The  spectrum  of  the  dimer  was  rather  similar  to 
that  reported  by  Cotton  &  Wilkinson  for  [T^OH^g]3*,  though  the  extinction  coefficient  of 
the  fully  formed  dimer  was  much  higher,  <  "■  90  M'1  cm'1.  Furthermoie,  they  reported  the 
spectrum  of  a  blue  colored  "TiCl3"  species  having  X,^  ~  600  nm  (<  ~  5  M'1  cm'1).  Thus, 
it  appears  that  the  violet  color  associated  with  Ti(III)  ion  could  be  due  to  a  mixed-valence 
ion  impurity  which  absorbs  more  intensely  (~-20  fold)  than  the  Ti(III)  ion. 

It  is  useful  to  compare  these  spectra  with  those  obtained  in  this  laboratory  for  samples 
prepared  by  dissolution  of  TiH2  in  3  M  HC1  under  a  blanket  of  argon.  This  concentrated, 
violet  colored  sample,  *-0.5  M  in  3  M  HC1,  appeared  to  have  very  little  of  the  intense  UV 
absorption  attributed  to  Ti(lV)  species,  while  the  vis>ble  transition  (XmJU  ~  500  nm)  appeared 
similar  to  the  "dimer"  spectrum  reported  by  Allen  and  Hush.  On  dilution  with  HjO  the 
spectrum  of  this  sample  was  more  obviously  split  but  still  there  was  little  UV  evidence  of 
Ti(IV)  being  present.  This  may  be  due  to  the  speciation  of  the  Ti(lV)  oxidation  state  as  a 
function  of  [Cl*].  However,  it  is  also  likely  that  the  Ti(IIl)  state  will  exhibit  a  rich 
speciation  chemistry  among  various  chloro  aqua  complexes  which  no  doubt  would  contribute  to 
splitting  of  the  visible  absorption  band. 


Mechanistic  Aspects  Of  Redox  Reactions  Involving  The  Ti(III)/Ti(IV)  Couple 


Solutions  of  Ti(IIi)  ion  at  low  concentration  in  HCl  media  exist  principally  as  the 
monomeric  [Ti(OH2)6]^  and  [TifOH^OH)  ]2*  species  (Ti>  TiOH2*,  Kt  -  5x10-3  M) 
though  chloro  aqua  complexes  are  probably  present  also.  These  Ti(IJI)  species  act  as  both 
outer-sphere  and  inner-sphere  reductants  depending  on  nature  of  the  oxidant.  Where  the 
oxidant  contains  no  ligands  capable  of  acting  as  an  inner-sphere  bridge  to  Ti(III), 
outer-sphere  electron  transfer  occurs  via  the  TiOH2*  species.  In  basic  media  Ti(IIl)  appears  to 
exist  as  polyhydroxo  species  that  are  not  well  characterized.  Ti(III)  solutions  react  with  02 
and  other  oxidants  to  produce  one  of  a  variety  of  Ti(IV)  species  including  TiO2*,  Ti(0)(OH)* 
and  Ti(OH)22+  and  possibly  chloro  aqua  complexes  also. 


[Ti(OH2)6]3*  is  relatively  stable  towards  reaction  with  02  in  3  M  HCl  solution  owing  to 
large  kinetic  barriers  for  outer-sphere  electron  transfer  imposed  by  changes  in  the  proton 
composition  for  the  half-reactions, 


[Ti»'(OH2)6p*  -  e- 
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support  for  the  formulation  of  the  Ti(IV)  ion  as  a  doubly  deprotonated  species.4  The  pH 
dependence  of  the  Ti(IV)/(llI)  redox  couple  displays  a  slope  of  -120  mV/pH  below  pH  1  and 
-60  mV/pH  in  the  pH  range  1  to  1.6,  consistent  with  a  doubly  deprotonated  Ti(lV)  species 
in  highly  acidic  media.  The  apparent  change  in  slope  near  pH  1  implies  that  Ti-OH2*  is  the 
dominant  form  of  Ti(lII)  reacting  at  the  electrode  surface  for  pH>l.  Since  independent 
measurements  of  the  p of  Ti(lll)  give  values  of  ~2.4  the  electrochemical  data  appear  to  be 
contradictory.  Direct  reaction  of  Ti3+  with  an  electrode  or  an  outer-sphere  oxidant  to  form 
Ti4\ 


Outer-Sphere 

[Ti(OH2)6  J3+  - *  [Ti(OH2)6f*  ♦  e- 

is  highly  energetically  disfavored.  Any  pathway  involving  one-electron  transfer  with  Ti(lll) 
would  result  in  an  initial  outer-sphere  Ti(IV)  species  with  the  proton  composition  of  the 
Ti(III)  ion  so  that  it  is  energetically  more  favorable  to  deprotonate  Ti(IIl)  prior  to  electron 
transfer.  Thus,  most  kinetic  studies  involving  Ti(III)  with  purely  outer-sphere  oxidants  s  ow  an 
inverse  [  H*  ]  dependence  with  no  detectable  reaction  via  the  Ti3*  pathway.  With  02  and 


L  -  acac" 

M  -  Ru(I I  I) 

Figure  1 

One  particularly  interesting  redox  partner  is  the  Ti(III)  ion  which  was  studied  previously 
by  Early,  Bose  and  Berried  In  aqueous,  acid  solutions  this  ion  exists  principally  as  a  mixture 

of  the  hexaaqua  complex  [T^OH^J**  and  its  conjugate  base  [Ti(OH2>5(OH)  ]2+.  Aqueous 

HC1  solutions  of  Ti(III)  are  air  oxidized  to  a  polymeric  Ti(IV)  species  only  slowly  but  they 
are  oxidized  much  more  rapidly  by  many  Ru(lII)  complexes,  including  [Ru(acac)3].  As 
expected  from  previous  studies,  Early  et  alia  observed  that  [Ru(acac)3]  reacted  predominantly 
with  the  Ti(OH)2*  ion  rather  than  Ti3*.  Similar  studies  by  Early  and  Berrie  of  the  reaction 
between  Ti(III)  ion  and  the  monoformylated  derivative,  [Ru(acac)2(3-CHO-acac)  ],  showed 
remarkably  increased  rates  of  reaction  even  though  the  thermodynamic  driving  force  was 
comparable  to  that  for  [  Ru(acac>3  ].^.3  However,  they  observed  two  exponential  decays  in 
their  kinetics  measurements  and  ascribed  the  slower  one  (20  s'1)  to  slow  electron  transfer 
across  the  bridging  ligand,  implying  the  existence  of  a  [Ti-ligand-Ru  ]  intermediate. 

Dr.  Berrie  continued  studies  on  a  modified  form  of  this  system  at  N.R.L.  and 

collaborated  with  Dr.  Kessler  in  trying  to  characterize  the  assumed  intermediate  by  resonance 
Raman  spectroscopy.  Their  lack  of  success  prompted  this  reinvestigation  of  the  kinetics  and 
mechanism  of  the  reaction  between  Ti(III)  ion  and  [  Ru(acac)j(3-CHO-acac)  ]  by  a 

Geo-Centers  scientist  in  order  to  determine  the  rate  of  electron  transfer  across  the  bridging 
ligand.  This  study  has  revealed  that  the  previous  work  was  in  error  and  that  the  electron 
transfer  across  the  bridging  ligand  proceeds  rapidly,  as  expected  for  a  conjugated  system. 
Details  of  the  kinetics  measurements  and  a  number  of  related,  fundamental  mechanistic  issues 
are  presented  below. 
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Part  I 

Introduction 

Electron  transfer  reactions  are  elementary,  fundamental  steps  in  many  chemical  processes 
of  interest  to  the  Navy.  These  include  the  catalytic  reduction  of  C02  and  other 
atmosphere-polluting  molecules,  the  degradation  of  chemical  warfare  toxins,  the  corrosion  and 
passivation  of  metal  surfaces  and  the  modification  of  surface  oxides  between  metal-metal 
junctions  to  improve  their  electronic  conductivity.  In  each  of  these  processes  the  design  of  the 
chemical  system  is  critical  in  determining  the  efficiency  of  the  elementary,  electron  transfer 
steps.  Funding  has  not  been  available  for  work  on  the  reduction  of  C02  or  the  deactivation 
of  chemical  warfare  toxins.  Therefore,  this  report  describes  recent  activities  undertaken  on 
some  fundamental  electron  transfer  reactions  of  metal  acetylacetonate  complexes  and  an 
application  of  electron  transfer  reactions  to  the  suppression  of  intermodulation  interference 
(IMI)  caused  by  the  poor  electronic  conductivity  of  surface  oxides  in  metal-metal  junctions. 

Fundamental  Studies  Of  Electron  Transfer  Reactions 

A  great  body  of  research  is  available  on  the  kinetics  of  electron  transfer  between 
metal-organic  complexes  in  solution  and  there  is  continuing  interest  in  the  role  of  the  organic 
ligand  in  controlling  the  rate  of  electron  transfer  between  metal  centers.  The  electronic 

conductivity  of  the  organic  ligand  has  an  important  influence  on  the  kinetics  of  such  redox 

reactions.  Understanding  the  molecular  parameters  responsible  for  facilitating  electron  transfer 
between  redox  centers  not  only  provides  deeper  insight  into  biological  redox  processes  but  also 
has  importance  to  a  number  of  device  applications,  including  molecular  conductors  for  IC 

fabrication  and  molecular  diodes  for  photonic  communications  interfaces. 

The  fundamental  studies  carried  out  at  N.R.L.  in  recent  years  have  utilized  derivatives  of 
[  Rull,(acac)3  ],  where  acac'  =  acetylacetonate  (or  pentane-2, 4-dionato)  anion.  Metal 
acetylacetonate  complexes  (Fig.  1 )  are  generally  easy  to  prepare  and  are  relatively  stable.  In 

the  case  of  Ru(lII),  the  complex  can  be  oxidized  or  reduced  in  a  facile  fashion  either 

electrochemically  or  using  redox  reagents.  [  Ru(acac)3  ]  is  amenable  to  study  in  a  wide  variety 

of  solvents  and  can  be  derivatized  via  substitution  reactions  at  the  3-H  position  of  the  ligand. 

Therefore,  this  complex  provides  a  good  platform  for  studying  the  influence  of  ligand 

modifications  on  the  rates  of  electron  transfer  with  a  number  of  redox  reagents. 
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APPENDIX  F 


PAT  T,  AXIPCS  ( 1 , 0  .  ,  390  .  ,  4  50  .  ,  1 ) 

CALL  AXISCA ( 3 , INT (XLABEL/XTIC) *NINTX, XMI ,  XMA,  1) 
CALL  AXIDRA( 1,0,1) 

CALL  AXIPOS( 1,450. ,0. ,390. ,2) 

CALL  AXISCA ( 3 , 2*NINTY , YMI , YMA , 2 ) 

CALL  AXI DRA (-1,0,2) 

CALL  AXIPOS(1,0. ,0. ,450. ,1) 

CALL  AXISCA ( 3, NINTX,XMI, XMA, 1) 

CALL  AXI DRA (1,1,1) 

CALL  AXIPOS(1,0. ,0. ,390. ,2) 

CALL  AXISCA ( 3 , NINTY , YMI , YMA, 2 ) 

CALL  AXI DRA ( - 1 , - 1 , 2 ) 

CALL  GRAPOL(X, Y,N) 

CALL  GRAPOL(X,V,N) 

CALL  GRASYM (X (NVIC) , Y (NVIC) ,1,2,0) 

CALL  CHAMOD 
READ  (5,13)  DUMMY 
FORMAT  (F6.3) 

CALL  PICCLE 
CALL  DEVEND 
CALL  ALFA 
CALL  LIB$WAIT (2 . ) 

RETURN 

END 


C-  DRAW  UPPER  AND  RIGHT  LINES. 

CALL  M0VT02 (0. , 390.  ) 

CALL  LINTO2(450. ,390.) 

CALL  M0VT02 ( 4 50 . , 0 .  ) 

CALL  LINT02 (450. , 390.  ) 

CALL  CHASIZ ( 8 . ,8.  ) 

C~  DRAW  AXES. 

XMI=  XMIN 

XMA=  XMAX 

YMI=  YMIN 

YMA=  YMAX 

XD=  XMA-XMI 

YD=  YMA-YMI 

IF  (K  .GT.  1)  GO  TO  7 

XLABEL=  500. 

YLABEL=  .5 
XTIC=  100. 

GO  TO  8 

7  IF  (XD  .GE.  1000.)  X LABEL  =  500. 

IF  (XD  .GE.  500.  .AND.  XD  .LT.  1000.)  X LABEL  =  200. 

IF  (XD  .GE.  200.  .AND.  XD  . LT .  500.)  X LABEL  -  100. 

IF  (XD  .GE.  100.  .AND.  XD  .LT.  200.)  X LABEL  *  50. 

IF  (XD  .GE.  50.  .AND.  XD  .LT.  100.)  X LABEL  ®  20. 

IF  (XD  .LT.  5p.)  X LABEL  *  10. 

C 

IF  (XD  .GE.  1000.)  XTIC  =  100. 

IF  (XD  .GE.  500.  .AND.  XD  .LT.  1000.)  XTIC  *  50. 

IF  (XD  .GE.  300.  .AND.  XD  .LT.  500.)  XTIC  -  20. 

IF  (XD  .GE.  50.  .AND.  XD  .LT.  300.)  XTIC  -  10. 

IF  (XD  .LT.  50.)  XTIC  =  5. 

C 

IF  (YD  .GE.  2.)  Y LABEL  *  1. 

IF  (YD  .GE.  1.  .AND.  YD  .LT.  2.)  Y LABEL  -  0.5 

IF  (YD  .GE.  .5  .AND.  YD  .LT.  1.)  YLAF.EL  -  0.2 

IF  (YD  .GE.  .1  .AND.  YD  .LT.  .5)  Y LABEL  -  0.1 

IF  (YD  .LT.  .1)  Y LABEL  *  .02 

8  CALL  AXIPOS(1,0. ,0. ,450. ,1) 

XMOD=  AMOD (XMIN , XLABEL) 

IF  (XLABEL- XMOD  .LT.  IE-6  .OR.  XMOD  .LT.  IE-6)  GO  TO  11 
NXL»  XMIN/XLABEL 
XMI=  NXL*XLA3EL 
XD=  XMA-XMI 

11  NINTX=  XD/XLABEL 

IF  (ABS (XD-NINTX*XLABEL)  .LT.  IE-6)  GO  TO  9 

NINTX=NINTX+1 

XMA-  XMI+NINTX* XLABEL 

9  CALL  AXISCA ( 3 , INT ( XLABEL/XTIC) *NINTX , XMI , XMA, 1) 

CALL  AXIDRA (-1 , 0,1) 

CALL  AXIPOS(1,0. ,0. ,390. ,2) 

YMOD-  AMOD ( YMIN, YLABEL) 

IF  ( YLABEL- YMOD  .LT.  IE-6  .OR.  YMOD  .LT.  IE-6)  GO  TO  12 
NYL-  YMIN/YLABEL 
YMI=  NYL*YLABEL 
YD=  YMA-YMI 

12  NINTY-  YD/YLABEL 

IF  (ABS ( YD-NINTY*YLABEL)  .LT.  IE-6)  GO  TO  10 

NINTY=NINTY+1 

YMA=  YMI+NINTY* YLABEL 

10  CALL  AXISCA (3,2  *NINTY , YMI , YMA , 2 ) 

CALL  AXIDRA (1,0,2) 


SUBROUTINE  PLPRDG(NVIC) 

C - THIS  PROGRAM  IS  DESIGNED  TO  PLOT  THE  TOTAL  X-RAY  ABSORPTION 

C - COEFFICIENT  VS.  THE  ABSOLUTE  X-RAY  PHOTON  ENERGY. 

C 

c  *****  EXECUTE  PLTEV.  FOR,  SYS  .'DRAFT/  LIB  ***** 

C 

- -  - 

C  LATEST  REVISION  —  JANUARY  1,  1979 

C 

DIMENSION  EEV,20) 

COMMON  /XMDAT/  NSEQ, NPTS ,X(1400) #Y (1400) 

COMMON  /LAB/  LABEL 

COMMON  /SQZ/  V(I000) ,Z(1000) 

CHARACTER  LABEL*80 , YN*3 
C 

EVA  =  X(l) 

EVB  »  X(NPTS) 

C 

YMIN  =  MIN ( Y ( 1 ) ,V(1) ) 

YMAX  =  MAX ( Y ( 1 ) , V(l) ) 

DO  6  1=2, NPTS 

IF  (Y(I) .LT. YMIN)  YMIN  =  Y(I) 

IF  ( V ( I ) . LT. YMIN)  YMIN  =  V(I) 

IF  (Y(I) .GT. YMAX)  YMAX  -  Y(I) 

IF  (V(I) .GT. YMAX)  YMAX  =  V(I) 

6  CONTINUE 
C - 

CALL  PLOTPG  (NPTS ,  X ,  Y ,  V,  EVA,  EVB,  YMIN,  YMAX,  NVIC,  LABEL,  2  ) 

C - 

RETURN 

END 

SUBROUTINE  PLOTPG  (N,  X ,  Y ,  V,  XMIN ,  XMAX,  YMIN,  YMAX ,  NVIC ,  LABEL,  K) 
REAL  X (N) , Y (N) ,V(N) 

CHARACTER  LABEL*80 , LABEX*82 

CHARACTER*  14  TITLE ,  ITITLE ,  JTITLE ,  ATITLE  (20),  FTITLE 
COMMON  /FNAM/  TITLE, JTITLE, ITITLE, ATITLE 
C 

CALL  VTDTEK 
CALL  T4014 
FACT=152 . 4/511 . 

FACT=  2* FACT 
CALL  UNITS (FACT) 

CALL  PICCLE 
CALL  CHAMOD 
CALL  LIB$WAIT ( 2 . ) 

CALL  WINDO2(0. ,600. ,0. ,511.) 

CALL  SHIFT2 (90. , 40. ) 

IF  (K  .GT.  1)  GO  TO  1 
1  CONTINUE 

CALL  CHASIZ ( 10 . , 10. ) 

CALL  M0VT02 (0. , 400. ) 

LABEX=  LABEL// '*. ' 

CALL  CHASTR ( LABEX) 

CALL  M0VT02 (270. , 400. ) 

CALL  CHASTR ( 'EXTR. P0INT=*. ' ) 

CALL  CHAFIX(X(NVIC) ,8,1) 

FTITLE=  TITLE//'*. ' 

CALL  M0VT02 (330. , 370. ) 

CALL  CHASTR (FTITLE) 

CALL  CHAANG (0 . ) 


APH£ND<X  £2 


END 

SUBROUTINE  PLOTNO  (N , X , Y , M , V, W , XMIN , XMAX , YMIN , YMAX , LABEL, D , NODES ) 
REAL  X(N) ,  Y  (N) ,  V  (M) ,W(M) ,  D  (  4  ) 

LOGICAL  NODES 

CHARACTER  LABEL*80 , LABEX*82 ,  LEG1*11 , LEG2 (4) *6,ANS*3 
CHARACTER* 14  TITLE , ITITLE , JTITLE , ATITLE ( 2 0 )  , FTITLE 
COMMON  /FNAM/  TITLE , JTITLE , ITITLE , ATITLE 
C 

IF  (NODES)  THEN 

C-  PLOT  FIRST  FOUR  NODES  IN  EV ' S 
LEG1  = ' NODES  IN  EV ' 

DO  1  1=1,4 

1  WRITE (UNIT=LEG2 ( I ) , FMT= ' (F6 . 3 )  ' )  D ( I ) 

ENDIF 

C 

XMI-  XMIN 
XMA=  XMAX 
YMI=  YMIN 
YMA»  YMAX 
XD=  XMA-XMI 
YD=  YMA-YMI 
X LABEL  -  XD/8 
Y LABEL  -  YD/10 
C  BEGIN  PLOTTING  . 

CALL  INIPLT{46, NORMAL, 1.0) 

CALL  SCALE(XMIN, XMAX, YMIN, YMAX) 

CALL  GRAPHBOUNDARY (1500, 7500, 1400,5600) 

CALL  AXIS (XLABEL,  '10. O' ,  'ENERGY  (eV)  ' , 2 , YLABEL,  *  10 . 2 ' ,  '  ',2) 

CALL  WRITE LEGEND (TITLE , 2 , 9 , 2 , 0 , 9) 

CALL  JUSTIFYSTRING (4000,5800, LABEL, 0,2, CENTER , BELOW) 

IF  (NODES)  THEN 

CALL  SETLEGEND(8000, 6400,0) 

CALL  WRITE LEGEND ( LEG1 ,2, 9, 2, 0,9) 

DO  237  Ml=l,4 

CALL  WRITELEGEND(LEG2 (Ml) ,2, 9, 2, 0,9) 

237  CONTINUE 

ENDIF 

CALL  POLYLINE (X,Y,N,3,0,0,0,0) 

CALL  POLYLINE (V,W,M,4,0,0,0, 1) 

CALL  ENDPLT 

CALL  SYSTEM ( 'VTRANS  PLOT46  1*) 

WRITE(6, 300) 

READ (5,*)  ANS 

IF  ( ANS (1:1) . EQ . ' Y ' . OR . ANS (1:1) . EQ . 1 y ' )  CALL  HARDCOPY (' PLOT4 6 ' ) 

300  FORMAT ( 2 X, 'HARD  PLOT?  Y/N'/) 

RETURN 

END 


CALL  WRITE LEGEND ( LEG 3 ,  2 , 9 , 2 , 0 , 9 ) 

DO  130  1=1, NPL 
DO  120  J=1 , 400 
X ( J) =RA(J , I) 

Y ( J) =PHI (J, I) 

CONTINUE 

CALL  POLYLINE(X, Y, 400, (1+3) , 0 , 0 , 0 , LINE ( I ) ) 

CALL  WRITELEGEND ( LEG4 (I), (1+2), 9, 2,0, LINE (I) ) 

CALL  WRITELEGEND (LEG5 (I) , (1+2) , 9 , 2 , 0 , LINE ( I ) ) 
CONTINUE 
CALL  ENDPLT 

CALL  SYSTEM (' VTRANS  PLOT45  1') 

WRITE(6, 300) 

READ (5,*)  ANS 

IF  (ANS  ( 1 : 1)  . EQ . *  Y ' .  OR .  ANS  (1:1)  .  EQ .  '  y  ' )  CALL  HARDCOPY 
FORMAT ( 2 X, 'HARD  PLOT?  Y/N'/) 

RETURN 

END 

SUBROUTINE  PLOTFR ( PHI , SMI , WE) 

REAL  XLABEL, YLABEL 

CHARACTER* 14  TITLE , ITITLE , JTITLE , ATITLE ( 2 0 )  , LABEL*80 
COMMON  /FNAM/  TITLE , ITITLE , JTITLE , ATITLE 
COMMON  /LAB/LABEL 

DIMENSION  RA(S12) ,PHI(1024)  ,Y(512) 

CHARACTER* 6  SAM, WEI , LEG4 *10 , LEG5*9 , ANS* 3 


,  EQ.  'y 1 )  CALL  HARDCOPY ( ' PLOT4 5' ) 


80 


30 


00 


YMIN=0 

YMAX=0 

XMAX-512 

XMIN-1 

DO  80  J=*  1 , 512 

IF  (PHI(J) .LT.YMIN)  YMIN-PHI (J) 

IF  (PHI(J) .GT.YMAX)  YMAX-PHI(J) 

Y ( J) =PHI ( J) 

RA(J)«J 

CONTINUE 

WRITE (UNIT-SAM, FMT- ' (F6. 3) ' )  SMI 
LEG4-'SMl-'//SAM 

WRITE (UNIT«WE1,FMT-’ (F6.3) ')  WE 

LEG5-'WE-'//WEl 

CALL  INIPLT (50, NORMAL, 1. 0) 

CALL  SCALE (XMIN, XMAX , YMIN , YMAX) 

CALL  GRAPHBOUNDARY (2000, 7500, 1400,5600) 

YLABEL- (YMAX-YMIN)/ 10 
XIA3EL— (XMAX-XMIN) /8 

CALL  AXIS(XLABEL,  *6.0'  ,  ' NH ' ,2, YLABEL,  '10.2' , '  ',2) 

CALL  WRITELEGEND (TITLE , 2 , 9 , 2 , 0 , 9 ) 

CALL  JUSTI FYSTRING( 2 500, 5800, LABEL, 0, 2 , CENTER, BELOW) 

CALL  SETLEGEND(8000, 6400,0) 

CALL  POLYLINE ( RA ,Y, 512, 2, 0,0, 0,0) 

CALL  WRITELEGEND (LEG4, 2, 9, 2, 0,9) 

CALL  WRITELEGEND ( LEG5 , 2 , 9 , 2 , 0 , 9  ) 

CONTINUE 
CALL  ENDPLT 

CALL  SYSTEM ( 'VTRANS  PLOT50  1') 

WRITE ( 6 , 300) 


READ (5,*)  ANS 

IF  (ANS (1:1) .EQ. 'Y' . OR . ANS (1:1) . EQ . * y ' ) 
FORMAT ( 2 X, 'HARD  PLOT?  Y/N’/) 


CALL  HARDCOPY ( • PLOT50 ' ) 


RETURN 


FMALT  =  60. 

PH  I  MAX  =  O'. 

DO  160  N=2 , NRMAX, NSKP 

ARAY (N-l , J )  «  (N-1)*DR 

AMG ( N-l , J )  =  FMALT*CABS ( FFTINP (N) ) 

IF  (AMG(N-l.J) .GT.PHIMAX)  PHIMAX  =  AMG(N-1,J) 

160  CONTINUE 
170  CONTINUE 
C 

CALL  PLTR (ARAY , AMG , RKMIN , RKMAX , KPOWER , SMI , WE , NPL, SM , WES ) 

RETURN 

END 

SUBROUTINE  PLTR ( RA , PHI , RKMIN , RKMAX , KPOWER , SMI , WE , NPL , SM , WES ) 

REAL  X LABEL, YLABEL 

CHARACTER* 14  TITLE , ITITLE, JTITLE , ATITLE ( 20) 

COMMON  /FNAM/  TITLE , ITITLE , JTITLE , ATITLE 

DIMENSION  RA ( 1002 , *) , PHI (1002,*) ,X(401),Y(401),SM(3) ,WES(3) , LINE (3 
Z) 

CHARACTER*6  KMIN , KMAX , SAM ( 3 ) ,WE1(3) , KWT*3 , LEG1*11 , LEG2*11 , LEG3 *7 , 
ZLEG4 (3 ) *10 , LEG5 ( 3 ) *9,ANS*3 
C 

LINE (1) — 0 
LINE  ( 2 )  =*1 
LINE  (3)  ”4  * 

YMIN=0 

YMAX-0 

XMAX-8 

XMIN-0 

DO  90  I-1,NPL 
DO  80  J-1,400 

IF  (PHI (J,I) .LT.YMIN)  YMIN-PHI ( J, I ) 

IF  (PHI(J,I) .GT.YMAX)  YMAX-PHI ( J, I) 

80  CONTINUE 
90  CONTINUE 

WRITE (UNIT-KMIN, FMT- * (F6.3) ')  RKMIN 
LEG1- ' KMIN- '//KMIN 

WRITE (UNIT-KMAX, FMT- ' (F6 . 3 ) ' )  RKMAX 
LEG2-  •  KMAX-  V/KMAX 

WRITE (UNIT- KWT,FMT-' (13) ' )  KPOWER 
LEG 3— ' KWT— ' //KWT 
IF  (NPL. EQ. 1)  THEN 
SM ( 1) -SMI 
WES (1) -WE 
ENDIF 

DO  100  1-1 , NPL 

WRITE (UNIT-SAM ( I ) , FMT- ' (F6.3) ')  SM(I) 

LEG4  (I)-'SMl- V/SAM(I) 

WRITE (UNIT-WE1 (I) , FMT-1 (F6. 3) ' )  WES (I) 

LEGS (I) -'WE- '//WEI (I) 

100  CONTINUE 

CALL  INIPLT(45, NORMAL, 1.0) 

CALL  SCALE (XMIN, XMAX, YMIN, YMAX) 

CALL  GRAPH BOUNDARY (2000,7500, 1400,5600) 

YLABEL- (YMAX-YMIN)/10 
XLABEL-INT( ( XMAX-XMIN) / 8 ) 

CALL  AXIS (XLA BEL, '10.2', 'K', 2, YLABEL, '10.2', '  ',2) 

CALL  WRITELEGEND (TITLE , 2 , 9, 2 , 0, 9) 

CALL  SETLEGEND(8000, 6400, 0) 

CALL  WRITELEGEND( LEG  1 , 2,9, 2, 0, 9) 

CALL  WRITELEGEND ( LEG 2 , 2 , 9 , 2 , 0 , 9) 


COMPLEX  FFTINP (4096) , FF(4096) 
INTEGER  IWK ( 14 ) 


DO  170  J=1 , NPL 
DO  10  1=1 , MM 
AK(I)=  AKN  ( I ,  J ) 

10  CHI (I)-  CHIN ( I , J) 

NCHI  =  MM 
PI  =  3 . 1415926 
MARRAY  =  4096 
FCUT  =  0.02 

RMAX  =3.0 
DR  =  0.02 

RCUT  =  FCUT* FLOAT (MARRAY) 

DK  =  PI/ RCUT 
1=2 

IF  (RKMIN. LE.AK(l) )  GOTO  100 
1  =  0 

90  1=1+1 

IF  (AK(I) .LT. RKMIN)  GOTO  90 
00  NMIN=I-1 
10  1=1+1 

IF  (I.GE.NCHI)  GOTO  120 
IF  (AK(I) .LT.RKMAX)  GOTO  110 
20  NMAX- I 

IMIN=NMIN+NLO-l 
IMAX=NMAX+NLO-l 
AKLO  =  AK(NMIN) 

AKHI  =  AK (NMAX) 

CALL  TRANIN  (CHI ,AK, FFTINP, AKLO, DK, KPOWER, FHANN, 

1  NMIN , NMAX , NCHI , NPTS 1 ) 

- THERE  ARE  THREE  STEPS  TO  GET  FOURIER  TRANSFORM  BY  FFT2  ROUTINE. 

- 1.  CONJUGATE  THE  COMPLEX  BEFORE  GETTING  INTO  FFT2 . 

- 2.  DEVICE  THE  DATA  BY  MARRAY  AFTER  FFT2 . 

- 3.  THEN  REORDER  THE  DATA  FROM  REVERSE  BINARY  ORDER  BY  SBRT  SHUFF. 

DO  140  1=1,4096 

40  FFTINP ( I )  =  CONJG ( FFTINP ( I ) ) 


CALL  FFT2  ( FFTINP, M, IWK) 

DO  150  1=1,4096 

FFT'NP(I)  =  F  FT INP(I)/4096. 

FF( I)  -  FFTINP ( I ) 

30  CONTINUE 

CALL  SHUFF  (FFTINP, FF, 4096) 

NFFT  -  AKLO/DK 
XMIN  -  DK*NFFT 
XMAX  -  XMIN+DK*FLOAT(NCHI-l) 

NSKP  -  DR/FCUT+0. 000001 

NRMAX  -  MARRAY *RMAX/RCUT+ 1 . 000001 

- FMALT  IS  THE  CONSTANT  TO  CET  THE  SAME  VALUES  AS  TRAPEZOIDAL 

- INTEGRATION. 


CHARACTER  TIX* 1 , TIY *  1 0 , LEG ( 2 ) *10 , ANS*3 
DATA  TIXl/'K'/ 

DATA  TIY/'  CHI  '/ 

LEG (])=' NICE  ' 

LEG (2)=' RAW  CHI-BK ' 

XMIN=  0. 

XMAX=AK(M) 


YMIN=0. 

YMAX=0 . 

DO  151  1=1,2 
DO  150  J=1,M 

IF  (CHI(J,I) .LT.YMIN)  YMIN=CHI ( J ,  I ) 

IF  (CHI (J, I) .GT. YMAX)  YMAX=CHI ( J ,  I ) 

CONTINUE 

CONTINUE 

WRITE  (6,310)  YMIN , YMAX 
READ  (5,*)  OP 
IF  (OP.EQ.O)  GO  TO  152 
WRITE  (6,320) 

READ  (5,*)  YMIN, YMAX 
RX(1)=XMIN 
RX ( 2 ) =XMAX 
RY ( 1 ) =0 . 

RY ( 2 ) =0 .  . .  * 

XLAB=  (XMAX-XMIN) /8 

YLAEEL- (YMAX-YMIN) /10 

CALL  SYSTEM ('DEL  PLOT52.DAT') 

CALL  INIPLT( 52, NORMAL, 1.0) 

CALL  SCALE (XMIN,XMAX, YMIN, YMAX) 

CALL  GRAPHBOUNDARY (2000 , 7500,1400,5600) 

CALL  AXIS (XLAB, '10.0* , TIX1 , 2 , YLABEL, '10.3 ' ,TIY,2) 

CALL  JUSTIFYSTRING  ( 4500 , 64 00 , LABEL, 0 , 2 , CENTER , BELOW) 

DO  160  1*1,2 
DO  155  J=1,M 
Y ( J ) =CHI ( J , I ) 

CONTINUE 

CALL  POLYLINE (AK,Y,M, (1+1) ,9,0,0, (1-1) ) 

CALL  WRITELEGEND ( LEG (I) , (1  +  1)  ,9,2,0,  (1-1) ) 

CONTINUE 

CALL  POLYLINE (RX, RY, 2, 2, 9, 0-0,0) 

CALL  ENDPLT 

CALL  SYSTEM ( 'VTRANS  PLOT52  1') 

WRITE(6, 300) 

READ (5,*)  ANS 

IF  (ANS (1 : 1)  . EQ. ' Y ' .OR. ANS (1: 1)  . EQ. 'y ' )  CALL  HARDCOPY (’ PLOT52 ' ) 
FORMAT ( 2 X, 'HARD  PLOT?  Y/N'/) 

FORMAT (2 X, ' DEFAULT  YMIN*  ',F6,3,'  YMAX*  ',F6.3/ 

1  '0:  FOR  DEFAULT  VALUES'/ 

2  '1:  FOR  USER  DEFINED  VALUES'/) 

FORMAT ( 2 X, 'ENTER  YMIN, YMAX: '/) 

RETURN 


SUBROUTINE  PLOTFT (MM, AKN , CHIN, RKMIN ,  RKMAX , KPOWER , SMI , WE , NPL, SM, 
1  WES) 

DIMENSION  CHIN (1100,*) , AKN (1100,*) , ARAY ( 1002 , 3 ) ,AMG(1002,3) , 

1  SM ( 3 ) , WES ( 3 ) 

DIMENSION  AMPLIT (1024) , AK ( 1 1 00) , CHI ( 1 100 ) 


M  O  O 


IF  (CHI (J) *CHI(J+1)  .LE.  0.)  THEM 
IF  (CHI(J)  .EQ.  0.)  THEN 
AKNOT=  AK ( J) 

GO  TO  210 

ELSEIF  (CHI ( J+l)  .EQ.  0.)  THEN 
IF  (J  .EQ.  M-l)  THEN 
A KNOT-  AK ( J+l ) 

GO  TO  210 
ENDIF 
ELSE 

IF  ( ABS ( CHI ( J ) )  .LE.  ABS (CHI ( J+l) ) )  THEN 
L=  J 
ELSE 

L=  J+l 
ENDIF 

A KNOT  =  AK (L) 

GO  TO  210 
ENDIF 
ENDIF 

0  CONTINUE 
CONTINUE 
0  CONTINUE 
0  DO  270  J=1 ,M 
X(J) =AK(J) 

Y ( J) —CHI ( J) , 

70  CONTINUE 

YLABEL=  (YMAX-YMIN) /10 

CALL  SYSTEM ('DEL  PLOT44.DAT') 

CALL  INIPLT( 44, NORMAL. 1.0) 

CALL  SCALE (XMIN,XMAXfl  ~N, YMAX) 

CALL  GRAPHBOUNDARY (200c  7500,1400,5600) 

CALL  AXIS ( XLAB , ' 10 . 0 ' , TI  1 , 2 , YLABEL, 4 10 . 3 ’ , TIY (K) , 2 ) 

CALL  JUSTIFYSTRING  (3500,  000 , LABEL, 0 , 2 , CENTER, BELOW) 

CALL  WRITELEGEND (TITLE , 2 , U , 2 , 0 , 9 ) 

IF  (NODES)  THEN 

CALL  SETLEGEND(7600, 6400,0) 

CALL  WRITELEGEND ( ' NODE ',2,9, 2, 0,9) 

WRITE (UNIT=ZERO, FMT- ' (F6. 3) ‘)  A KNOT 
CALL  WRITELEGEND (ZERO , 2 , 9 , 2 , 0 , 9 ) 

ENDIF 

CALL  POLYLINE ( X, Y , M, K+l , 0 , 0 , 0 , 0 ) 

CALL  POLYLINE (RX , RY , 2 , K+2 , 0 , v , 0, 0) 

CALL  ENDPLT 

CALL  SYSTEM ( 'VTRANS  PLOT44  1') 

WRITE (6, 3  00) 

READ (5,*)  ANS 

IF  (ANS(1: 1) .EQ. 'Y' .OR. ANS (1:1) .EQ. 'y')  CALL  HARDCOPY (' PLOT44 ' ) 
0  FORMAT ( 2 X, 'HARD  PLOT?  Y/N'/) 

DO  280  J=1,M 
80  CHI ( J) =  RCHI(J) 

RETURN 

END 

SUBROUTINE  PLTCH2 (AK,CHI,M) 

CHARACTER* 1 4  TITLE , JTITLE , ITITLE , ATITLE ( 2 0 ) , LABEL*80 
COMMON  /FNAM/  TITLE , JTITLE , ITITLE , ATITLE 
COMMON  /IAB/  I.AUEL 

DIMENSION  AK( 1100) ,CHI(1 100,2) ,Y (1100) 

DIMENSION  RX ( 2 ) , RY ( 2 ) 

LOGICAL  EX 


17  CALL  ENDPLT 

CALL  SYSTEM ( ' VTRANS  PLOT43  1') 

WRITE(6, 100) 

READ ( 5 , * )  ANS 

IF  (ANS (1:1)  . EQ .  1 Y ' . OR .ANS (1:1)  . EQ.  ' y  * )  CALL  HARDCOPY (' PLOT4 3 ' ) 
100  FORMAT ( 2 X, 'HARD  PLOT?  Y/N’/) 

RETURN 

END 

SUBROUTINE  PLOTCHI (M, AK, CHI , SMI , WE, K) 

CHARACTER* 1 4  TITLE , JTITLE , ITITLE , ATITLE ( 2 0 )  ,  LABEL*80 
COMMON  /FNAM/  TITLE , JTITLE , ITITLE , ATITLE 
COMMON  /LAB/  LABEL 

DIMENSION  AK(1100) ,CHI(1100) ,RCHI(1100) ,X(S00) ,Y(600) 

DIMENSION  RX ( 2 ) , RY ( 2 ) 

LOGICAL  NODES, EX 

CHARACTER  TIX1*1 , TIY (0:3) *10 , YN*3 , ZERO*6 , ANS*3 
DATA  TIXl/’K'/ 

DATA  TIY ( 0) / '  CHI  •/ 

DATA  TIY ( 1) / '  CHI  X  K  '/ 

DATA  TIY (2) /'CHI  X  K**2'/ 

DATA  TIY ( 3 ) / ' CHI  X  K**3'/ 

LABEL31 '  CHI  PLOT ' 

C 

NODES=.  FALSE.* 

DO  40  J=1,M 
40  RCHI ( J)  =  CHI ( J) 

C 

IF  (K  .NE.  0  .AND.  K  .LE.  3)  GO  TO  70 
GO  TO  130 

70  IF  (K  .NE.  1)  GO  TO  90 
C 

DO  80  J=»1,M 

80  CHI ( J)  -  RCHI(J) *AK(J) 

GO  TO  130 

C - 

90  IF  (K  .NE.  2)  GO  TO  110 
DO  100  J=1,M 

100  CHI  (J)  13  RCHI  (J)  *AK(J)  **2 
GO  TO  130 
110  DO  120  J=»1,M 
120  CHI  (J)  -  RCHI  (J)  *AK(J)  **3 
130  CONTINUE 
C - 

XMIN=  0. 

XMAX=AK (M) 

C 

YMIN=CHI (1) 

YMAX=CHI (1) 

DO  150  J  =*  1 ,  M 

IF  (CHI(J) .LT.YMIN)  YMIN-CHI(J) 

IF  (CHI (J) .GT. YMAX)  YMAX=CHI(J) 

150  CONTINUE 

RX(1)»XMIN 
RX ( 2 ) =XMAX 
XLAB=  (XMAX-XMIN) /8 
RY ( 1 ) =0. 

RY ( 2 ) =0 . 

IF  (K.NE.O)  NODES3  .TRUE. 

1-1 

190  DO  200  J-l , M 


YM=  YMAC-YMIC 
DO  15  1=1, N 
Z 1 ( I ) =Z (1,1) 

15  YC(I)=  (Y (I , 1) -YMIC) *YR/YM+YL 
15  XLABEL=5. 

IF  (K. LT. 2)  YTICK  =0.0 
IF  (K.GE.2)  YTICK  =  0.05 
IF  (K.EQ.l)  Y LABEL  =  YMA 
IF  (K.GE.2)  Y LABEL  =  YD/5 
IF  (NPL.EQ.l)  THEN 
SM ( 1 )  =  SMI 
WES ( 1 )  =  WE 
ENDIF 

DO  20  1=1, NPL 

WRITE  (UNIT=SAM(I) , FMT= ' (F6.3) • )  SM(I)  ' 

LEG 1(1)=' SM1= ' //SAM ( I ) 

WRITE  (UNIT=WE1(I) , FMT= ' (F6.3) ' )  WES (I) 

0  LEG2 (I)='WE='//WE1(I) 

1  =  1 

CALL  INIPLT(43, NORMAL, 1.0) 

CALL  SCALE ( XMIN , XMAX , YMIN , YMAX) 

CALL  GRAPHBOUNDARY (2000, 7600, 1400, 5200) 

IF  (K  .EQ.  1)  THEN 

CALL  AXIS (XLABEL, '10.0' , TITLX1 , 2 , YLABEL, '10.3', TITLY 1,2) 
CALL  JUSTIFYSTRING ( 3500 , 5600 , LABEL, 0 , 2 , CENTER, CENTER) 
CALL  POLYLINE (X,Y,N,I,0,0,0, LINE (I) ) 

CALL  WRITELEGEND (TITLY 1 , I , 0 , 2 , 0 , LINE (I) ) 

CALL  SETLEGEND(8000, 6400, 0) 

CALL  WRITELEGEND (LEG1 (I) ,1,9, 2, 0,9) 

CALL  WRITELEGEND (LEG2 (I) ,1,9, 2, 0,9) 

1  =  1  +  1 
ENDIF 

IF  (K  .EQ.  2)  THEN 

CALL  AXIS (XLABEL, '10.0' , TITLX1 , 2 , YLABEL, '10.3', TITLY2 , 2 ) 
CALL  JUSTIFYSTRING (3500,5600, LABEL, 0,2, CENTER, CENTER) 
CALL  POLYLINE (X,Z1,N,I,0,0,0,LINE(I)) 

CALL  WRITELEGEND (TITLY2, I, 0,2,0, LINE (I) ) 

CALL  SETLEGEND(8000, 6400, 0) 

CALL  WRITELEGEND (LEG1 (I) ,1,9, 2, 0,9) 

CALL  WRITELEGEND ( LEG 2 (I), I, 9, 2, 0,9) 

1  =  1  +  1 
ENDIF 

IF  (K  .EQ.  3)  THEN 

CALL  AXIS ( XLABEL, '10.0' , TITLX1 , 2 , YLABEL, '10.3' ,TITLY3,2) 
CALL  JUSTIFYSTRING (3500, 5600 , LABEL, 0,2, CENTER, CENTER) 
CALL  SETLEGEND(8000, 6400, 640) 

DO  18  1=1, NPL 
DO  30  J=1 , N 
Z1(J)=Z(J,I) 

0  CONTINUE 

WRITE  (UNIT=NUM , FMT= '  (12.0)  '  )  I 
CALL  POLYLINE ( X , Z 1 , N , 1 , 0 , 0 , 0 , LINE ( I )  ) 

CALL  WRITELEGEND( (NUM// '  ' //TITLY3 ) , I , 0 , 2 , 0 , LINE ( I ) ) 

CALL  WRITELEGEND (LEG1 (I)  ,1,9, 2, 0,9) 

3  CALL  WRITELEGEND ( LEG 2 (I) ,1,9, 2, 0,9) 

ENDIF 

IF  (K.NE.2)  GO  TO  17 

CALL  POLYLINE (X,YC,N, I, 0 , 0 , 0 , LINE ( I ) ) 

CALL  SETLEGEND ( 2000 , 6000,640) 

CALL  WRITELEGEND (TITLY 1 , 1,0,2 , 0, LINE (I) ) 


c 

c -  THIS  PROGRAM  PLOTS  THE  VARIABLES  CHI , BKGND  AND  DBKGD 

C -  AGAINST  THE  BASE  VARIABLE  AK  - 

C 

M  =  NMAX-NMIN+ 1 

C - 

XMIN=0 . 0 
XMAX=AK (M, 1) 

GO  TO  (10,20,30)  K 

10  YMAX=AMAX1 (ABS (CHIMIN) , ABS (CHIMAX) ) 

YMIN=-YMAX 

C - CALL  ON  SUBROUTINE  PLOTVK, GRAPH  CHI  VS.  AK - 

C - 

CALL  PLOTBK ( M , AK , CHI , DBKGD , XMIN , XMAX , YMIN , YMAX , YMI C , YMAC , SMI , WE , K , 
1  NPL, SM, WES) 

RETURN 

C - 

C - 

20  YMAC=AMAX1 (ABS (CHIMIN) , ABS (CHIMAX) ) 

YMIC=-YMAC 
30  YMAX=DBKMAX 
YMIN=DBKMIN 
C 
C 

CALL  PLOTBK!  M',  AK ,  CHI ,  DBKGD ,  XMIN ,  XMAX ,  YMIN ,  YMAX ,  YMIC ,  YMAC ,  SMI ,  WE ,  K , 
1  NPL, SM, WES) 

RETURN 

END 

c - 

C 

SUBROUTINE  PLOTBK (N, X, Y , Z , XMIN , XMAX , YMIN , YMAX , YMIC , YMAC , SMI , WE , K , 

1  NPL, SM, WES) 

DIMENSION  X(1100. I) ,Y (1100,1) ,Z(1100,3) ,YC(1100) ,SM(3) ,WES(3) ,Z1 
Z(1100) 

CHARACTER  TITLX1* 1 , TITLY1*3 , TITLY2 * 11 , TITLY3 *5 , LABEL*80 , LABEX*82 
CHARACTER* 14  TITLE , ITITLE , JTITLE , ATITLE ( 2 0 )  , FTITLE, NUM*2 
CHARACTER  SAM(3) *6, WEI (3) *6, LEG1 (3) *10, LEG2 (3) *10,ANS*3 
DIMENSION  LINE (6) 

COMMON  /LAB/  LABEL 

COMMON  /FNAM/  TITLE , JTITLE , ITITLE , ATITLE 
DATA  TITLXl/'K'/ 

DATA  TITLY1/ 'CHI '/ 

DATA  TITLY2/ ' DBKGD  &  CHI ' / 

DATA  TITLY3/ ’DBKGD'/ 

LA5EL=TITL£// '  '//LABEL 

LINE ( 1 ) =0 

LINE ( 2 ) =1 

LINE ( 3 ) -4 

LINE (4) -7 

LINE ( 5 ) =3 

LINE ( 6) =8 

XMI-  XMIN 

XMA=  XMAX 

YMI=>  YMIN 

YMA=*  YMAX 

XD=*  XMA-XMI 

YD-  YMA-YMI 

IF  (K  .NE.  2)  GO  TO  16 
YL=  YMI+YD/4 
YR-  YD/ 2 


XMI  =  XMIN 
XMA=  XMAX 
YMI=  YMIN 
YMA=  YMAX 
XD=  XMA-XMI 
YD=  YMA-YMI 


IF 

(XD 

•  GE. 

1000 

.  )  XLABEL 

IF 

(XD 

.GE. 

500. 

.AND.  XD 

IF 

(XD 

.GE. 

200. 

.AND.  XD 

IF 

(XD 

.GE  , 

100. 

.AND.  XD 

IF 

(XD 

•  GE. 

50. 

.AND.  XD 

IF 

(XD 

.LT. 

50.  ) 

XLABEL  = 

XLABEL=XD/10 


=  500. 

•LT.  1000.)  X LABEL  =  200. 
.  LT.  500. )  X LABEL  =  100. 

. LT.  200. )  X LABEL  =  50. 
LT.  100. )  X LABEL  =  20. 

10. 


IF  (YD  .GE.  2.)  Y LABEL  =  1. 


IF 

(YD 

.GE. 

1.  .AND. 

YD 

.LT. 

2.) 

YLABEL  =0.5 

IF 

(YD 

•  GE. 

.5  .AND. 

YD 

.LT. 

1.) 

YLABEL  =  0.2 

IF 

(YD 

.GE. 

.1  .AND. 

YD 

.LT. 

.5) 

YLABEL  =0.1 

IF 

(YD 

.LT. 

.1)  YLABEL  = 

.02 

YLABEL=YD/10 

8  CALL  INIPLT ( 42  , NORMAL, 1.0) 

CALL  SCALE (XMIN, XMAX, YMIN, YMAX) 

CALL  AXIS (XLABEL, ‘10.0' , 'ENERGY  (eV) ' , 3 , YLABEL, '10.3* , 'XMU' ,3) 

CALL  WRITELEGEND (LABEL, 2 , 9 , 3 , 0 , 9 ) 

CALL  POLYLINE (X, Y,N,3,9,0,0,0) 

IF  (NOPT  .EQ.  1)  THEN 

CALL  JUSTIFYSTRING(3000, 3200, 'RETURN,  THEN  TYPE  IN  START-ENERGY' 
2  ,0,2, LEFT, CENTER) 

CALL  JUSTIFYSTRING(3800, 3000, 'FOR  BACKGROUND:  ', 0 , 2 , LEFT , CENTER) 
ELSE 

CALL  JUSTIFYSTRING(4000, 4000, 'RETURN,  THEN  TYPE  IN  EVKMAX:  ',0,2 
Z  , LEFT, BELOW) 

ENDIF 

CALL  ENDPLT 

CALL  SYSTEM ( 'VTRANS  PLOT42  1') 

WRITE(6, 100) 

READ (5,*)  ANS 

IF  (ANS  (1:1)  .EQ.  'Y'  .0R.ANS{1:1)  .EQ.  -*  y ' )  CALL  HARDCOPY  (*  PLOT42  '  ) 

00  FORMAT ( 2 X, ’HARD  PLOT?  Y/N'/) 

IF  (NOPT.EQ.l)  THEN 
WRITE (6,105  ) 

READ (5,*)  EVKM 
ELSE 

WRITE ( 6 , 110) 

READ (5,*)  EVKM 
ENDIF 

05  FORMAT (X, 'START  ENERGY  ?'/) 

10  FORMAT (X, 'MAX  ENERGY  ?'/) 

RETURN 

END 

SUBROUTINE  PLTBCK (NMIN , NMAX , CHIMAX, CHIMIN, SMI , WE , DBKMAX, 

1  DBKMIN , AK , CHI , DBKGD , K , NPL, 3M, WES ) 

- EXECUTE  PLTBCK. FOR, SYS : DRAFT/ LIB - 


LATEST  REVISION  --  DECEMBER  17,  1978 

DIMENSION  AK( 1100,1) , CHI (1100,1) , DBKGD ( 1 100 , 1 ) ,SM(3) , WES ( 3 ) 
DIMENSION  XMU (1100) 

CHARACTER  IABEL*80 
COMMON  /LAB/  LABEL 


PI 


Pi 

3 

ml 

3 


a 


CALL  ENDPLT 

CALL  SYSTEM ( 'VTRANS  PLOT40  1!) 

WRITE(6, 100) 

READ (5,*)  ANS 

IF  ( ANS ( 1 : 1 )  . EQ .  1 Y ' . OR , ANS (1:1)  . EQ . ' y ' )  CALL  HARDCOPY (' PLOT4 0 ' ) 
100  FORMAT (2X, 'HARD  PLOT?  Y/N'/) 

RETURN 

END 

SUBROUTINE  PLTMOD  (N , X , Y , YY ( XMIN , XMAX , YMIN , YMAX , LABEL) 

REAL  X (N) , Y (N) , YY (N) , X LABEL, Y LABEL 
CHARACTER  LABEL* 8 0 , LABEX* 82 , ANS * 3 

CHARACTER* 14  TITLE , ITITLE , JTITLE , ATITLE ( 2 0 )  , FTITLE 
COMMON  /FNAM/  TITLE , JTITLE , ITITLE , ATITLE 
C 

XMI  =  XMIN 
XMA=  XMAX 
YMI  =  YMIN 
YMA=  YMAX 
XD=  XMA-XMI 
YD=  YMA-YMI 
7  X  LABEL  =  (XD/10) 

C  IF  (XD  .GE.  1000.)  X LABEL  =  500. 

C  IF  (XD  , GE .  500.  .AND.  XD  .LT.  1000.)  X LABEL  =  200. 

C  IF  (XD  .GE.  200.  .AND.  XD  .LT.  500.)  X LABEL  =  100. 

C  IF  (XD  .GE.'IOO.  .AND.  XD  .LT.  200.)  X LABEL  =  50. 

C  IF  (XD  .GE.  50.  .AND.  XD  .LT.  100.)  X LABEL  =  20. 


c 

c 

IF 

(XD 

.LT. 

50.)  X LABEL 

=  10. 

YLABEL  = 

(YD/10) 

c 

IF 

(YD 

.GE. 

2 . )  YLABEL  = 

1. 

c 

IF 

(YD 

.GE. 

1.  .AND.  YD 

.LT.  2.) 

YLABEL  =>0.2 

c 

IF 

(YD 

•  GE. 

.5  .AND.  YD 

.LT.  1.) 

YLABEL  =0.1 

c 

IF 

(YD 

.GE. 

.2  .AND.  YD 

.LT.  .5) 

YLABEL  =0.05 

c 

IF 

(YD 

.GE. 

.1  .AND.  YD 

•LT.  .2) 

YLABEL  =0.02 

c 

IF 

(YD 

.GE. 

.05  .AND.  YD 

.LT.  .1) 

YLABEL  =0.01 

c 

IF 

(YD 

.LT. 

.05)  YLABEL 

=>  0.005 

8  CALL  INIPLT (41, NORMAL, 1.0) 

CALL  SCALE (XMIN, XMAX, YMIN, YMAX) 

CALL  AXIS(XLABEL, '10.0' , 'ENERGY  (eV) ', 2 , YLABEL, ' 10 . 3 ',' ABSORPTION ' 
Z,2) 

CALL  JUSTIFYSTRING (4  000 , 5700 ,  LABEL, 0, 2 , CENTER, BELOW) 

CALL  WRITELEGEND (TITLE , 2 , 0 , 2 , 0 , 9 ) 

CALL  POLYLINE (X,Y,N,3,0,0,0,0) 

CALL  WRITELEGEND ( 'MODIFIED' ,3, 0,2, 0,0) 

CALL  POLYLINE(X,YY,N, 2,5, 1,1,9) 

CALL  WRITELEGEND ( 'UN-MODIFIED  POINTS ' , 2 , 5 , 2 , 0 , 9 ) 

CALL  ENDPLT 

CALL  SYSTEM ( 'VTRANS  PLOT41  1') 

WRITE(6, 100) 

READ (5,*)  ANS 

IF  (ANS(1:1)  .EQ.  'Y' .OR.ANS(l:l) .EQ.  'y')  CALL  HARDCOPY (' PLOT4 1 ' ) 

100  FORMAT ( 2 X, 'HARD  PLOT?  Y/N'/) 

RETURN 

END 

SUBROUTINE  PLOTSE (N , X , Y , XMIN , XMAX , YMIN , YMAX , LABEL, NOPT , EVKM) 

REAL  X (N) , Y (N) 

CHARACTER  LABEL*8 0 , LABEX* 8 2 , ANS*3 

CHARACTER* 14  TITLE , ITITLE , JTITLE , ATITLE ( 2 0 )  , FTITLE 
COMMON  /FNAM/  TITLE , JTITLE , ITITLE , ATITLE 


C 


CALL  WRITELEGEND ( LABEL2 ,  2 , 9 , 2 , 0 , 9  ) 

CALL  JUSTIFYSTRING (4000 , 5700 , LABEL, 0,2, CENTER, BELOW) 

CALL  WRITELEGEND (TITLE , 2 , 9 , 2 , 0 , 9 ) 

CALL  AXIS (XLABEL,  '10.0’ ,  'ENERGY  (eV)  ' , 2 , YLABEL,  '10.3'  ,  'ABSORPTION' 

2,2) 

CALL  POLYLINE (X, Y , N , 3 , 0 , 0 , 0 , 0) 

CALL  POLYLINE (X,V,N,4,0,0,0, 1) 

CALL  POLYLINE (X(NVC1) , Y(NVC1) ,1,6, 3, 1,1, 9) 

CALL  POLYLINE (X(NVIC) ,Y(NVIC) , 1 , 6 , 3 , 1 , 1 , 9 ) 

CALL  ENDPLT 

CALL  SYSTEM ( 'VTRANS  PLOT39  1') 

WRITE(6, 100) 

READ(5, *)  ANS 

IF  ( ANS (1:1) . EQ . ' Y ' . OR . ANS (1:1) . EQ . * y * )  CALL  HARDCOPY (' PLOT39 ' ) 

00  FORMAT ( 2 X, 'HARD  PLOT?  Y/N'/) 

33  FORMAT (A) 

39  FORMAT ('  ROTATION:  VERTICAL(l)  OR  HORIZONTAL(2)  ?  >  ') 

40  FORMAT (II) 

RETURN 

END 

SUBROUTINE  PLOTEO (N , X , Y , XMIN , XMAX , YMIN , YMAX , EO , YEO , LABEL, K) 

REAL  X(N) ,Y(N) , EO ( 1) , YEO ( 1) 

CHARACTER  LABEL*  8  0 , LABEX*  8  2 , ENERGY* 1 0 , LABEL2 *25,  ANS  *  3 
CHARACTER* 14  TITLE , ITITLE , JTITLE , ATITLE ( 2 0) ,  FTITLE 
COMMON  /FNAM/ ' TITLE , JTITLE , ITITLE , ATITLE 
LABEL2= ' E0= ' 

WRITE(UNIT=ENERGY,FMT=' (F8.2) ')  EO 
LABEL2 (4:14) =ENERGY 

LABEL= '  INNERPOTENTIAL  DETERMINATION' 

XMI=  XMIN 
XMA=  XMAX 
YMI=  YMIN 
YMA=  YMAX 
XD=  XMA-XMI 
YD=  YMA-YMI 
XLABEL=  XD/8 
YLABEL/3  YD/10 
XTIC=  100. 

GO  TO  8 

7  IF  (XD  .GE.  1000.)  XLABEL  -  500. 

IF  (XD  .GE.  500.  .AND.  XD  .LT.  1000.)  XLABEL  -  200. 

IF  (XD  .GE.  200.  .AND.  XD  .LT.  500.)  XLABEL  =  100. 

IF  (XD  .GE.  100.  .AND.  XD  .LT.  200.)  XLABEL  *  50. 

IF  (XD  .GE.  50.  .AND.  XD  .LT.  100.)  XLABEL  =■  20. 

IF  (XD  .LT.  50.)  XLABEL  =  10. 

IF  (YD  .GE.  2.)  YLABEL  -  .5 

IF  (YD  .GE.  1.  .AND.  YD  .LT.  2.)  YLABEL  =  0.25 

IF  (YD  .GE.  .5  .AND.  YD  .LT.  1.)  YLABEL  -  0.1 

IF  (YD  .GE.  .1  .AND.  YD  .LT.  .5)  YLABEL  -  0.05 

IF  (YD  .LT.  .1)  YLABEL  -  .01 

8  CALL  INI PLT( 40, NORMAL, 1.0) 

CALL  SCALE (XMIN, XMAX, YMIN, YMAX) 

CALL  WRITELEGEND ( LABEL2 , 2 , 9 , 2 , 0 , 9 ) 

CALL  WRITELEGEND (TITLE, 2 , 9, 2, 0, 9) 

CALL  JUSTI FYSTRING( 4 000, 5600, LABEL, 0, 2 , CENTER, BELOW) 

CALL  AXIS (XLABEL, '10.0', 'ENERGY  (eV) ' ,2, YLABEL, ' 10.3 ' , 'ABSORPTION' 
2,2) 

CALL  POLYLINE ( X , Y , N , 3, 0,0, 0,0) 

CALL  POLYLINE ( EO , YEO ,1,4,4, 1,1,9) 


CHARACTER  LABEL* 80 , YN*3 

C 

EVA  =  X(l) 

EVB  =  X(NPTS) 

C 

YMIN  =  MIN ( Y ( 1 ) , V(l) ) 

YMAX  =  MAX ( Y ( 1 ) , V(l) ) 

DO  6  1=2 , NPTS 

IF  (Y(I) .LT.YMIN)  YMIN  =  Y(I) 

IF  (V(I) .LT.YMIN)  YMIN  =  V(I) 

IF  (Y(I) .GT.YMAX)  YMAX  =  Y(I) 

IF  (V (I) .GT.YMAX)  YMAX  =  V(I) 

6- CONTINUE 
C - 

CALL  PLOTPG  (NPTS , X, Y , V, EVA, EVB , YMIN , YMAX, NVIC, N , LABEL, 2 ) 

C - 

RETURN 

END 

SUBROUTINE  PLOTPG  (N ,  X,  Y ,  V, XMIN , XMAX , YMIN , YMAX , NVIC, NVC1 , LABEL, K) 
REAL  X (N) ,  7  ( N ) ,V(N) 

INTEGER  ROT 

CHARACTER  LABEL*80 , LABEX*8  2 , EXPNT*9 , LABEL2 *3  0 , YN*3 , ANS*3 
CHARACTER* 14  TITLE , ITITLE , JTITLE , ATITLE ( 2 0 )  ,  FTITLE 
COMMON  /FNAM/  TITLE , JTITLE , ITITLE , ATITLE 
C  .  ,  ' 

LABEL2= ' EXTR. PNTS=  ' 

WRITE (UNIT=EXPNT , FMT= 1 (F8.2) *)  X(NVC1) 

LABEL2 ( 12 : 20) =EXPNT 

WRITE  (UNIT=EXPNT, FMT= '  (F8.2)')  X(NVIC)  ' 

LABEL2 (21:30) =EXPNT 

XMI=  XMIN 

XMA=  XMAX 

YMI=  YMIN 

YMA=  YMAX 

XD=  XMA-XMI 

YD=  YMA-YMI 

IF  (K  .GT.  1)  GO  TO  7 

XLAB£L=  500. 

Y LABEL3  .5 
XTIC=  100. 

GO  TO  8 

7  IF  (XD  .GE.  1000.)  X LABEL  3  500. 

IF  (XD  .GE.  500.  .AND.  XD  .LT.  1000.)  X LABEL  3  200. 

IF  (XD  .GE.  200.  .AND.  XD  .LT.  500.)  X LABEL  =  100. 

IF  (XD  .GE.  100.  .AND.  XD  .LT.  200.)  X LABEL  =  50. 

IF  (XD  .GE.  50.  .AND.  XD  .LT.  100.)  X LABEL  3  20. 

^F  (XD  .LT.  50.)  X LABEL  =  10. 

C 

C 

IF  (YD  .GE.  2.)  Y LABEL  *  1. 

IF  (YD  .GE.  1.  .AND.  YD  .LT.  2.)  Y LABEL  -  0.5 

IF  (YD  .GE.  .5  .AND.  YD  .LT.  1.)  Y LABEL  -  0.2 

I”  (YD  .GE.  .1  .AND.  YD  .LT.  .5)  Y LABEL  3  0.1 

IF  (YD  .LT.  .1)  Y LABEL  3  .02 

8  CALL  INI PLT( 3 9, NORMAL, 1.0) 

XMIN=XMIN- . 02  5  *XMIN 
XMAX=XMAX+. 025*XMAX 
YMIN=YMIN- . 5 
YMAX=YMAX+ . 5 

CALL  SCALE (XMIN, XMAX, YMIN, YMAX) 


i  '  EV  (1)=',F10.2,  '  EV  ( N  PTS  )  =  '  ,  F 1 0 . 2  /  ) 

2  4  FORMAT  (//’  WHICH  OPTION  DO  YOU  WANT,  TYPE  NUMBER'// 

1  '0:  PLOTTING  OF  WHOLE  SPECTRUM'/ 

2  '  l:  PLOTTING  OF  AN  ENERGY  RANGE'/) 

26  FORMAT  (2X,'TYPE  IN  EVMIN , EVMAX ' / ) 

27  FORMAT  ('  DO  YOU  WANT  MORE  PLOTS?,  TYPE  YES,  OTHERWISE  MO'/) 

23  FORMAT  (A3) 

END 

SUBROUTINE  PLOTEV  ( N , X , Y , XMIN , XMAX , YMIN , YMAX , LABEL,  K) 

REAL  X (N) , Y (N) 

INTEGER  ROT 

CHARACTER  LABEL* 80 , LABEX*82 , YN*3 , ANS*3 
CHARACTER* 14  TITLE  ITITLE , JTITLE , ATITLE (20) , FTITLE 
LOGICAL  TIT 

COMMON  /FNAM/  TITLE , JTITLE , ITITLE , ATITLE 
COMMON  /DRTIT/  TIT 

COMMON  /XMDAT/  NSEQ , NPTS , XX ( 1 4 0 0 ) , YY ( 14 00 ) 

XMI=  XMIN 

XMA-  XMAX 

YMI=  YMIN 

YMA=  YMAX 

XD»  XMA-XMI 

YD-  YMA-YMI 

IF  (K  .GT.  1)'  GO  TO  7 

X LABEL3  500. 

Y  LABEL3  .5 
XTIC=  100. 

CO  TO  8 

X LABEL  =  XD/8 

Y LABEL  =»  YD/10 

CALL  INI PLT( 38, NORMAL, 1.0) 

CALL  SCALE (XMIN, XMAX, YMIN, YMAX) 

CALL  AXIS (XLABEL,  • 10.0'  ,  'ENERGY  (eV)  ', 2 , YLA3EL, • 10 . 3 ‘ ABSORPTION ' 
Z,2) 

CALL  JUSTIFYSTRING  (2  500, 5800,  LABEL,  0,  2  ,  CENTER ,  BEjuOW) 

CALL  POLYLINE (X, Y,N, 4 , 9, 0, 0, 0) 

CALL  ENDPLT 

CALL  SYSTEM ( 'VTRANS  PLOT38  1') 

WRITE ( 6 , 100) 

READ (5,*)  ANS 

IF  (ANS (1:1) . EQ. ' Y ' . OR. ANS (1:1) . EQ . ' y ' )  CALL  HARDCOPY (' PLOT38 ' ) 

0  FORMAT ( 2 X, 'HARD  PLOT?  Y/i  /) 

0  FORMAT (A) 

0  FORMAT (II) 

RETURN 

END 

SUBROUTINE  PLPRDG (NVIC, N) 

- THIS  PROGRAM  IS  DESIGNED  TO  PLOT  THE  TOTAL  X-RAY  ABSORPTION 

- COEFFICIENT  VS.  THE  ABSOLUTE  X-RAY  PHOTON  ENERGY. 

*****  EXECUTE  PLTEV- FOR, SYS: DRAFT/ LIB  ***** 


LATEST  REVISION  --  JANUARY  1,  1979 

DIMENSION  E E V (20) 

COMMON  /XMDAT/  NSEQ, NITS, X ( 1400) , Y ( 1400) 
COMMON  /JAB/  I  ABET, 

COMMON  /SQ7,/  V  (  1  000)  ,  7,  (  1  000) 


IF  (DEF.LT.O.)  NGRAPH  =  NGRAPH+1 
ELSE 

NGPAPH=  0 
ENDIF 

C - 

CALL  PLOTEV  (NPTS , X , Y , EVA , EVB, YMIN , YMAX , LABEL, 2 ) 


GO  TO  8 
7  CONTINUE 
NGRAPH=  1 
N2=  NGRAPH *2 
WRITE  (5,26) 

READ ( 5 , * )  (EEV(I) ,1=1, N2) 

3  K-l 
I2=-l 
9  K=K+1 

IF  (K-l.LE. NGRAPH)  GO  TO  15 
IF  (II  .EQ.  3)  THEN 
RETURN 
ELSE 

WRITE  (6,27) 

READ  (5,28)  YN 

IF  (YN.EQ, 'NO' .OR. YN.EQ. ’no' .OR.YN.EQ. 'N' .OR.YN.EQ. 'n') 
GO  TO  1 
ENDIF 

15  IF  (KEYCON.EQ. 1)  K*  2 

IF  (KEYCON.EQ. 1)  GO  TO  11 
IF  (K-l.GT.l)  GO  TO  10 
EVB  =  EVA 

10  EVA  »  EVB 

EVB  -  EVB+250. 

GO  TO  12 

11  IZ-IZfl 

EVA  -  EEV ( I Z *2  + 1 ) 

EVB  -  EEV ( IZ*2+2 ) 

12  J*1 
L^O 

DO  13  1*1 , NPTS 

IF  ( X ( I ) . LT . EVA)  J-J+l 

IF  (X(I) .LE.EVB)  L-L+l 

13  CONTINUE 

IF  (.NOT.  (J  .EQ.  1  .AND.  L  . EQ .  0)  .AND.  J  . LE .  NPTS)  GO 
WRITE  (6,23)  X ( 1 ) , X ( NPTS ) 

GO  TO  1 
C 

16  YMAX  -  Y  ( J ) 

YMIN  -  Y ( J ) 

DO  14  I  -  J  + 1 ,  L 

IF  (Y(I) .GT.YMAX)  YMAX  -  Y(I) 

IF  (Y(I) .LT. YMIN)  YMIN  -  Y(I) 

14  CONTINUE 
N-L-J+l 

C - 

CALL  PLOTEV  ( N , X (J ), Y (J ), EVA , EVB, YMIN , YMAX , LABEL, K) 

C - 

GO  TO  9 


V 


RETURN 


TO  16 


C 


22  FORMAT (II) 

23  FORMAT  (//2X,*  EVA  AND  EVB  NOT  IN  RANGE  OF  1"'S! 


CALL  TRIM (LABEL) 

CALL  TRIM (YLAB) 

CALL  GRAPH30UNDARY (2000, 8000, 1000,5200) 

CALL  SCALE ( XMIN , XMAX , YMIN , YMAX) 

CALL  JUSTIFYSTRING(2000, 5600, LABEL, 0, 2 , CENTER, CENTER) 

CALL  WRITELEGEND ( TITLE , 2 , 9 , 2 , 0 , 9 ) 

CALL  AXIS(XTIC, '10.0' , 'ENERGY  (eV)  ' , 2 , YLA3EL, • 10. 3 ' , YLAB, 

22) 

CALL  POLYLINE (EV,Y,NPTS, 3,9, 0,0,0) 

CALL  ENDPLT 

:  end  of  hgraph  routines 

CALL  SYSTEM ( ' VTRANS  PL0T37  O') 

WRITE(6, 100) 

READ ( 5 , * )  ANS  , 

IF  (ANS (1:1) .EQ. *Y '.OR. ANS (1:1) .EQ. 'y')  CALL  HARDCOPY (' PL0T3 7  ) 

RETURN 

.00  FORMAT ( 2 X, 'HARD  PLOT?  Y/N'/) 

END 

SUBROUTINE  PLTEV(KK) 

; - THIS  PROGRAM  IS  DESIGNED  TO  PLOT  THE  TOTAL  X-RAY  ABSORPTION 

; - COEFFICIENT  VS.  THE  ABSOLUTE  X-RAY  PHOTON  ENERGY. 

*****  EXECUTE  PLTEV. FOR, SYS : DRAFT/LIB  ***** 


LATEST  REVISION  —  JANUARY  1,  1979 
DIMENSION  EEV (20) 

COMMON  /XMDAT/  NSEQ , NPTS , X ( 14 00 ) , Y ( 1 4 00 ) 

COMMON  /LAB/  LABEL 
CHARACTER  LABEL*80 , YN*3 
COMMON  /DRTIT/  TIT 
LOGICAL  TIT 

- KEYCON-RETURN,  PROGRAM  DRAWS  EVERY  GRAPHS  AUTOMATICALLY. 

- KEYCGN-1,  PROGRAM  DRAWS  THE  PARTS  OF  LIMITED  EV  REGION. 

II-  KK 

1  IF  (II  .EQ.  3)  THWI 

XEYCON-  0 
TIT-  .FALSE. 

ELSE 

WRITE  (6,24) 

READ  (5,22)  KEYCON 
TIT-  .TRUE. 

F.NDIF 

IF  (KEYCON  .NE.  0)  GO  TO  7 

2  EVA  -  X(l) 

EVB  -  X(NPTS) 

YMIN  -  Y ( 1 ) 

YMAX  -  Y ( 1 ) 

DO  6  1-2, NPTS 

IF  (Y(I) .LT.YMIN)  YMIN  -  Y(I) 

IF  (Y(I) .GT.YMAX)  YMAX  -  Y(I) 

6  CONTINUE 

IF  (II  .EQ.  3)  THEN 

GRAPH  -  ( EVB- EVA ) /2 50 . 

HGRAPH  -  I F I X (GRAPH ) 
f)EF  ’  NGRAPH-GKAPH 


I 


1 

I 

i 

I 

1 

a 

i 

i 

a 

a 

a 

a 

a 

a 


SUBROUTINE  PLTVO ( YO , Y1 , IY) 

DIMENSION  Y ( 1400) ,Y0(1400) ,Y1(1400) 

CHARACTER* 14  TITLE, ITITLE, JTITLE, ATITLE (20)  ,  FTITLE,  YLAB 
COMMON  /FNAM/  TITLE, JTITLE, ITITLE, ATITLE 
COMMON  /XMDAT/  NSEQ . NPTS , EV ( 14 CO) , XMU ( 14 00 ) 

COMMON  /LAB/  LABEL 
CHARACTER  LABEL*80 ,  LABEX*82  ,  ANS*3 
DO  20  1=1, NPTS 
IF  (IY.EQ.2)  Y ( I ) =  YO ( I ) 

IF  (IY.EQ.3)  Y ( I ) =  Y1 ( I ) 

IF  (IY.EQ.4)  Y  ( I )  =  ALOG ( Y  0 ( I ) / Y 1 ( I ) ) 

IF  (IY.EQ.5)  Y ( I ) =  Y1 ( I ) /YO ( I ) 

CONTINUE 


XMIN=EV { 1) 
XMAX=EV ( 1) 
YMIN=Y(1) 
YMAX=Y ( 1) 


DO  50  1=1, NPTS 
IF  (EV(I) .LT.XMIN) 
IF  (EV (I) .GT.XMAX) 
IF  (Y(I) .LT.YMIN) 


IF  ( Y ( I ) . 
CONTINUE 


XMIN-EV(I) 
XMAX-EV(I) 
YMIN=Y (I) 


.  YMAX)  YMAX—Y ( I ) 


DRAW  AXES. 


i 

XMI—  XMIN 
XMA-  XMAX 
YMI—  YMIN 
YMA—  YMAX 

XD-  XMA 

-XMI 

YD-  YMA 

-YMI 

c 

7  IF  (XD 

.GE. 

1000 

. )  XTIC  - 

500 

IF  (XD 

.GE. 

500. 

.AND.  XD 

.LT 

IF  (XD 

.GE. 

300. 

.AND.  XD 

.LT 

IF  (XD 

.GE. 

50. 

.AND.  XD  . 

LT. 

IF  (XD 

.LT. 

50.  ) 

XTIC  -  10 

• 

c 

IF  (IY 

.GT. 

3)  THEN 

,  1000.)  XTIC 
,  500.)  XTIC  > 
300.)  XTIC  » 


-  200. 
>  100. 
50. 


2.)  Y LABEL  =  .5 
IF  (YD  .GE.  1.  .AND.  YD  .LT. 
IF  (YD  .GE.  .5  .AND.  YD  .LT. 
IF  (YD  .GE.  .1  .AND.  YD  .LT. 
IF  (YD  .GE.  .05  .AND.  YD  .LT. 
IF  (YD  .GE.  .01  .AND.  YD  .LT. 
IF  (YD  .LT.  .01)  Y LABEL  =  .00 
YLAB- 'ABSORPTION' 

ELSE 

Y LABEL  -  INT(YD/10) 

YLAB- 'DETECTOR  DATA' 

ENDIF 

XMIN-XMIN- . 02  5*XMIN 
XMAX-XMAX+ . 02  5  *XMAX 
YMIN-YMIN- . 5 
YMAX-YMAX+. 5 

C  BEGIN  CALL  OF  HGRAPH  ROUTINES 

CALL  SYSTEM (’DEL  PLOT37.DAT’) 
CALL  INIPLT( 37, NORMAL, 1.0) 


2.)  Y LABEL  -  0.25 
1. )  Y LABEL  -0.1 
.5)  Y LABEL  -  0.025 
.1)  Y LABEL  -  0.01 
.05)  Y LABEL  -  0.0025 


AfVtSCXXEl 


O  QA-7/850‘C/30  min 
Q  SG-101-lAinanrcalcd 


Captions  for  figures 


Figure  1:  Etching  results  obtained  for  as-grown  (square),  and  annealed  to  850°C 
(diamond)  Si/Sio.7Ge0  j  samples.  The  Sio.7Ge0.3  layer  was  60  nm  and  the  epilayer 
was  500  nm  thick. 


Figure  2:  Cross  sectional  transmission  electron  micrograph  of  a  Si/SiGe/substrate 
sample  following  thermal  treatment  to  850°C  for  30  minutes,  and  selective  etching 
through  the  silicon  cap  to  midway  through  the  Sio.rGeo.s  layer. 


Figure  3:  Cross-sectional  transmission  electron  micrographs  of  single  Si0  7Ge0  3 
layer  grown  on  Si(100)  with  a  500  nm  cap  layer.  Top:  as  grown;  middle:  annealed 
to  800°C  for  30  minutes;  bottom:  rapid  thermal  anneal  to  1200°C  for  30  seconds. 


Figure  4:  Plan  view  transmission  electron  micrograph  of  single  Si0  7Ge0  3  layer 
grown  on  Si(100)  with  a  500  nm  cap  after  rapid  thermal  annealing  to  1200°C  for 
30  seconds. 
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are  confined  to  the  alloy  region.  This  observation  is  important  in  that  the  surface 
of  the  device  region  will  be  exposed  after  the  etch  stop  layers  are  removed.  Any 
dislocations  propagating  outside  the  alloy  layer  would  likely  cause  a  degradation 
in  the  quality  of  the  SOI  layer. 

To  verify  that  dislocations  do  not  propagate  outside  the  alloy  layer,  a  plan 
view  specimen  of  the  RTA  treated  sample  was  prepared  and  imaged  by  TEM. 
As  can  be  seen  in  figure  4,  the  dislocation  network  is  fairly  dense,  but  does  not 
seem  to  propagate  outside  the  alloy  layer.  Studies  of  the  thermal  stability  of 
strained  layer  superlattices  grown  on  Si(100)  suggest  similar  results  [11],  The 
containment  of  these  defects  in  the  alloy  layers  is  extremely  important  for  the 
potential.application  of  SiGe  alloys  as  an  etch  stop  in  bonded  SOI  technology. 

The  strain  relief  observed  in  as-grown  material  was  4xl0~*.  Films  therm.. lly 
treated  to  SOO^C,  850°C,  and  900°C  for  30  minutes,  and  to  1200  °C  for  30  seconds, 
all  experienced  strain  relief  of  2xl0~4.  None  of  the  thermal  treatments  fully 
relaxed  the  alloy  layers,  and  etching  experiments  demonstrated  that  all  of  the 
films  retained  fully  functional  etch  stops. 

In  summary,  a  strain  sensitive  etch  has  been  utilized  and  characterized  for  a 
single  alloy  etch  stop  layer  composed  of  60  nm  of  Sio  rGeoj  under  a  silicon  cap 
layer  500  nm  thick.  Thermal  treatments  that  are  necessary  to  oxidize  and  bond 
this  wafer  in  a  bond  and  etch  back  process  did  not  destroy  the  integrity  of  the 
etch  stop.  Misfit  dislocations  generated  in  the  alloy  layer  by  thermal  treatments 
were  found  to  be  contained  within  this  layer. 
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anneal  to  850°C  for  30  minutes,  and  after  the  wafer  was  selectively  etched  for  00 
minutes.  The  500  nm  silicon  cap  as  well  as  about  half  of  the  alloy  layer  had  been 
removed  by  the  etch.  The  micrograph  shows  that  good  surface  uniformity  had 
been  obtained. 

The  stability  of  the  system  to  thermal  treatments  that  would  be  encountered 
during  film  processing  was  examined.  For  bond  and  etch  back,  this  means  that  the 
etch  stop  and  cap  layers  must  be  stable  to  oxidation  and  bonding  temperatures. 
Samples  that  had  been  annealed  to  85Q°C  for  30  minutes  were  characterized  by 
etching  experiments  as  shown  in  figure  1.  The  etch  rate  through  the  cap  layer  was 
unchanged,  but  the  etch  rate  through  the  alloy  layer  increased  to  1.7  nm/min.  This 
indicates  .that  strain  was  only  partially  relieved  by  the  thermal  treatment,  and  that 
alloy  layers  still  functioned  effectively  as  an  etch  stop  after  thermal  treatment.  A 
similar  etch  rate  was  obtained  for  a  sample  heat  treated  by  RTA  at  1200°C  for  30 
seconds.  Therefore,  RTA  processing  does  not  compromise  wafer  etching,  and  may 
also  be  used  for  the  bonding  process.  The  demonstrated  etch  rate  and  selectivity 
of  this  etch  stop/etchant  system  is  effective  for  thinning  processes  requiring  the 
removal  of  2  /xm  of  silicon  with  a  thickness  uniformity  of  20  nm. 

The  extent  of  misfit  dislocations  arising  from  strain  relief  in  as-grown  and  ther¬ 
mally  treated  samples  was  examined  using  (TEM).  Figure  3  shows  cross  sectional 
images  of  samples  that  were  as-grown,  thermally  treated  to  800°C  for  30  minutes, 
and  treated  by  RTA  to  1200°C  for  30  seconds.  The  as-grown  sample  shows  clean 
interfaces,  and  an  apparent  absencf  of  misfit  dislocations.  The  800°C  annealed 
sample  shows  the  presence  of  some  dislocations.  But  the  sample  subjected  to  the 
1200°C  RTA  treatment  incorporated  substantial  misfit  dislocations,  as  well  as  an 
apparent  degradation  of  the  interf&cial  region. 

An  important  result  shown  by  the  cross  sectional  images  is  that  the  dislocations 
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KOH,  4  g.  KjCrjO?,  and  100  mL  propanol  in  400  mL  of  water  at  26°C  in  a 


temperature  controlled  rotary  etch  system.  After  cleaning  the  MBE  grown  wafers, 
they  were  dipped  in  HF  to  remove  any  oxide  layers,  dried,  and  immediately  placed 
into  the  etch  bath.  Measurement  of  the  etch  depth  was  performed  by  resistivity 
profiling  of  the  etched  wafers.  The  change  in  the  position  of  the  buffer/substrate 
interface  marker  indicated  the  amount  of  silicon  materia]  removed  from  the  wafer 
surface.  In  this  way,  the  etch  depth  could  be  measured  with  a  20  nm  precision. 
To  simulate  the  selective  etching  of  bonded  wafers,  etching  was  done  through 
the  500  pm  Si  layer  instead  of  through  the  back  face  as  would  be  done  following 
bonding  of  the  wafers.  Experiments  involving  bonded  wafers  that  were  thinned 
using  precision  machining  to  a  nominal  2  ^m  thickness  before  selective  etching  are 
currently  in  progress,  and  will  be  reported  elsewhere. 

Etching  experiments  were  performed  on  a  series  of  samples  prepared,  and  re¬ 
sults  are  shown  in  figure  1.  When  an  as  grown  sample  was  etched,  the  undoped 
MBE  silicon  layer  etched  at  a  r»te  of  17-20  nm/min,  and  was  determined  from 
the  initial  steep  slope  observed  in  figure  1.  The  as  grown  Sio  rGe0  s  alloy  etched 
at  a  rate  of  1  nm/min  as  determined  by  the  less  steep  pert  of  the  curve  in  figure 
1,  and  this  indicates  that  the  selectivity  waj  better  than  17:1.  For  a  60  nin  alloy 
layer,  it  takes  about  one  hour  for  breakthrough  of  the  etch  stop  region. 

Etching  uniformity  was  evaluated  by  resistivity  profiling  of  multiple  samples 
from  the  same  wafer,  and  samples  obtained  from  several  wafers.  Uniformity  of  the 
etch  stop  was  within  the  2f  nm  precision  of  the  profiling  measurement.  l.oral  eNh 
uniformity  was  irives '.gated  by  Nomarski  microscopy  and  transmission  electron 
microscopy  (TEM),  and  careful  inspection  indicated  a  surface  free  from  local  iien 
etc  h  artifacts  and  surface  pitting.  A  TEM  cross  sectional  micrograph  was  obtained 
of  the  etched  wafer,  as  showr  in  figure  2,  The  sample  was  prepared  following  an 
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In  our  process,  a  strained  layer  silicon-germanium  alloy  is  grown  on  a  silicon 
substrate,  followed  by  a  silicon  cap  of  variable  thickness.  This  cap  is  the  region 
where  devices  will  be  built  following  bonding  and  thinning,  hence  it  is  important 
that  the  cap  is  left  defect  and  impurity  free.  The  etch  stop  can  be  grown  into 
the  seed  wafer  by  techniques  such  as  molecular  beam  epitaxy  or  chemical  vapor 
deposition  [8,9].  These  growth  techniques  are  well  developed  and  generate  a  sharp 
silicon/alloy  interface.  In  addition,  this  etch  stop  does  not  leave  residual  p-  or 
rc-type  dopant  in  the  cap  layer. 

Silicon  wafers  with  an  incorporated  etch  stop  were  prepared  as  follows:  silicon 
wafers,  p-  or  n-do ped,  were  cleaned  chemically  using  a  variation  of  the  Shiraki 
procedure  JlO].  The  cleaned  wafers  were  loaded  into  a  Vacuum  Generators  V80 
N1BE  system.  Following  a  brief  degassing  and  loading  of  the  wafer  into  the  growth 
chamber,  the  chemically  grown  oxide  was  removed  in-vacuo  by  heating  to  850*0 
for  ten  minutes. 

A  silicon  buffer  layer  was  grown  at  <?50“C,  between  100-200  nm  thick,  and  at 
a  rate  of  1.4  A/sec.  In  the  buffer  layer,  gallium  was  incorporated  in  a  10  nm  layer 
near  the  substrate/buffer  interface  to  serve  as  a  marker  during  etching  experiments. 
The  etch  stop  region  was  a  SiorGeo*  alloy,  and  was  grown  at  a  rate  of  2  A/sec  at 
a  temperature  of  500*C  on  the  buffer  layer.  The  silicon  cap  was  grown  to  500  nm 
on  top  of  the  etch  stop  at  a  rate  of  2  A/sec  and  at  500*0.  Following  deposition, 
the  wafer  was  cooled  to  room  temperature  and  removed  from  the  vacuum  system. 

Temperature  stability  studies  were  performed  in  a  tube  furnace  under  flow¬ 
ing  nitrogen.  Prepared  samples  were  annealed  for  30  minutes  at  800-900*0,  and 
sample*  were  also  treated  by  rapid  thermal  annealing  (RTA)  to  1200*0  for  30 
seconds. 

Etching  was  performed  using  a  strain  sensitive  etchant  composed  of  100  g. 
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Silicon  on  insulator  (SOI)  substrates  are  in  use  for  the  fabrication  of  devices 
that  are  high  speed,  resistant  to  latch  up,  and  are  radiation  hard  [Ij.  SIMOX 
lias  been  the  most  thoroughly  studied  SOI  system  to  date  to  replace  silicon  on 
sapphire.  This  material  is  fabricated  by  oxygen  implantation  and  annealing  to 
venerate  a  buried  oxide  [2|.  Although  SIMOX  is  a  promising  technology,  threading 
dislocations  generated  by  the  implantation  in  the  active  device  region  limit  the 
performance  c  the  material.  In  addition,  the  buried  oxide  is  of  poor  quality 
resulting  in  back  channel  leakage. 

Bond  and  etch  back  technology  as  an  alternative  to  SIMOX  for  SOI  has  the 
advantage  of  a  cleaner  oxide/silicon  interface  at  the  buried  oxide  [3,4].  This  mate¬ 
rial  is  generated  by  oxidizing  the  seed  and/or  handle  wafers,  followed  by  bonding 
the  two  wafers.  The  active  device  region  is  exposed  on  the  seed  wafer  by  precision 
machining  and  etching  to  the  desired  film  thickness.  Although  this  technology  is 
suitable  for  the  fabrication  of  600  nra  SOI,  the  presence  of  an  etch  stop  is  essential 
to  fabricate  SOI  wafers  with  a  nominal  Sj  film  thickness  of  250  nm  or  less.  Heav¬ 
ily  doped  boron  regions  placed  by  diffusion  or  implantation  into  the  silicon  have 
been  reported  to  make  an  effective  etchstop  [3,5],  and  CMOS  devices  fabricated 
from  these  materials  display  high  bulk  mobilities  and  excellent  radiation  hardness 
[6].  Silicon  membrane  technology  uses  similar  boron  etch  stop  with  selective  etch 
techniques  to  fabricate  these  materiaJs  |7j.  However,  boron  incorporated  by  ion 
implantation  and  annealing  results  in  the  generation  of  threading  dislocations  in 
the  device  region,  arid  both  diffusion  and  implantation  result  in  residual  p  doping. 
A  potential  solution  to  these  problems  is  through  the  use  of  ar.  as-grown  Sij-.Ge, 
alloy  strained  layer  as  an  etch  stop.  In  this  communication  we  describe  a  system 
where  defect  free,  thin  film  silicon  on  insulator  can  be  fabricated  using  such  an 
etch  stop. 
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Abstract 

The  use  of  a  Sio7Ge0j  strained  layer  u  an  etch  stop  in  silicon  based  materials  is 
reported.  The  etch  rates  were  characterized  through  silicon  and  a  60  nm  Si0  ?Ge0  j 
strained  layer.  The  etch  rate  through  undoped  silicon  was  17-20  nm/rnin,  while 
the  etch  rate  through  the  SiorGeoj  layer  was  1  nm/min.  After  annealing  the 
wafer  to  85 0®C  for  30  minutes,  transmission  electron  microscopy  was  used  to  show 
that  strain  in  the  alloy  layer  was  only  partially  relieved,  and  that  generated  misfit 
dislocations  were  confined  to  the  strained  SiojGeoj  layer.  The  etch  rate  through 
the  strained  layer  increased  to  1.7  nm/min  after  this  treatment,  and  was  still 
perfectly  functional  as  an  etch  stop. 
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APPENDIX  D3 


1  \BLF  I  X-ray  rocking  curves  for  some  ihin-tilm  semiconductors 


Fiim.<  substrate 

CO 

^  c  naueuttU 

CC) 

Thickness 

(nm) 

FWHM 
( arcsec) 

Ge/Al.O, 

80C 

1400 

450 

317 

Ge/Al.O, 

700 

1400 

900 

400 

Ge/Al.O, 

700 

1100 

900 

575 

Si/AI-O,* 

unknown 

unknown 

390 

1200 

Sl/Al;0,b 

1000 

630 

950 

‘  Reference  13. 
*  Reference  14. 


could  find  reported  in  the  literature.  The  films  discussed  in 
Ref.  !3  was  manufactured  by  Union  Carbide,  and  had  a 
FWHM  of  1 200  arcsec  for  the  Si  (400)  reflection  of  a  390  nm 
film.  Carey  reported  that  a  SOS  sample  measured  gave  an  x- 
ray  width  of  950  arcsec  for  the  Si(400)  reflection. 14 

Some  of  the  potential  applications  for  the  use  of  GOS 
include  the  development  of  electronic  devices  based  on  ger¬ 
manium  where  an  insulating  substrate  is  necessary.  It  may 
also  provide  a  useful  substrate  on  which  to  grow  gallium 
arsenide  since  the  lattice  match  between  germanium  and  gal¬ 
lium  arsenide  is  so  close.  The  growth  of  GaAs  on  germanium 
has  already  been  reported.  '3 

In  summary,  crystalline  germanium  has  been  grown  on 
( 1 102)  sapphire.  The  germanium  grows  with  a  ( 110)  orien¬ 


tation,  and  a  rocking  curve  obtained  of  the  (220)  reflection 
gave  a  full  width  at  half  maximum  of  3 1 7  arcsec  for  a  500  nm 
film. 

We  would  like  to  thank  Joseph  Pellegrino  for  many 
helpful  discussions. 
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FIG  1  Rea.1  camera  diffraction  patterns 
showing  crwaiiin.ls  as  a  »\jncl>on  of sutv 
strate  temperature  tor  germanium  grown 
on  (110.2)  sapphire  The  sapphire  sutv 
strttowereallpr  ■  i-  eeaiedat  1400  'C  pri¬ 
or  to  growth,  theg-  «;h  temptraturrs  are 
shown  inset  The  camera  radius  was  5  cm 


Id* 


tv.  tc  i  Tv .r  a  *500  nm  film  grown  at  700 *C,  as  shown  in 
1  Higher  temperatures  are  probably  important  in 
wing  films  because  of  the  increased  diffusion  rate  of  ger- 
intum  a^r  vss  the  sapphire  surface  that  is  necessary  for  de- 
-  i!t.  m  to  occur  at  the  nucleated  islands. 

f  >hle  1  ,i  so  shows  (hat  the  preanneal  temperature  is 
■  o riant  tecause  for  two  GOS  films  grown  at  700  *C,  the 
grown  on  sapphire  preannealed  to  1400  *C  generated  a 
n  i  rower  ro.,  king  curve  ( 400arcsec)  than  the  film  grown  on 
,  1  ;  ire  preannedied  only  toil  (X)  *C  (575  arcsec ).  One  pos- 
••  cxpl  iti.i’ion  for  this  behavior  is  that  during  high-tcm- 
1 1 1, r c  annealing  the  sapphire  surface  undergoes  recon- 
. i  non.  M.liing  in  a  reduction  of  surface  defects.  In 
\tion,  it  has  tievn  denv-nstaied  that  contaminants  such  as 
'-iti  an  it.  v  tivclv  removed  fiotn  the  sapphire  surface  by 
ti.-i.r- t  : (i :  e  treatments,  and  perhaps  even  preferential 
v.ti.-!  >  ■.  ,cn  occurs  In  a  SOS  study.  Pellegrino  ctjl. 
•vd  tfi  ,i  higher  suhstrate  preanneal  temperature  re* 


I 


I  T  '  *<*o*c 

■  t 

}  *  ^  *  -m*4  -  V3W  * 

l*t  '4  SO 

'*  ’.lary««w4l 

-  i  t  .  *  »  •  I  .■<  r  *i  i : •  * » * 1 1 »  >’i»  s  ippbm  •  It.  s4  it  *  I'n- 
"  •  1  ■  >  1  lie  I  ;  Ms  I  l,.f  *1  in*  S*  |V  ••  •  •  1*  l|  1 1  al  I  1  '(  ' 

t  i  1  •  '  . '  1  '  m  ■■  I  •  ttr  I  •  i  1 1 ' i •  i . |  ’ '  1 1  rt|H 


suited  in  the  growth  of  fewer  and  larger  silicon  islands  on  the 
sapphire  surface,  and  this  is  consistent  with  a  reduction  in 
nucleating  sites  such  as  carbon  and  point  defects." 

Germanium  has  been  jrown  on  sapphire  previously,  '  * 
but  a  review  of  the  literature  indicates  that  growing  single¬ 
crystal  GOS  has  been  difficult  at  best.  Apparently  some  pre¬ 
treatment  such  as  the  preanneal  treatment  used  in  these  ex¬ 
periments  is  crucial  to  the  successful  growth  of  this  material 
This  pretreatment  also  enabled  the  successful  growth  of  sin¬ 
gle-crystal  silicon  on  sapphire  using  MBE  by  both  Pellegrino 
et  ai "  and  Bean." 

.n  comparing  our  GOS  films  to  SOS  films,  we  found 
that  the  FWHM  of  the  diffraction  peak  from  the  GOS  films 
grown  in  this  laboratory  was  significantly  narrower  than  the 
diffraction  peaks  of  several  representative  SOS  films  we 
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Single-crystal  germanium  grown  on  (1102)  sapphire  by  molecular  beam 
epitaxy 

D.  J.  Godbey,  S.  8.  Qadri,*7  M.  E.  Twigg,61  and  E.  D.  Richmond 

Sard  Research  Laboratory,  Electronics  Science  ami  Technology  Division  Code  6816, 

Washington.  DC  20375-5000 

(Received  28  December  1988;  accepted  for  publication  4  April  1989) 

Crystalline  germanium  films  have  been  successfully  grown  on  the  ( H02)  sapphire  surface 
using  molecular  beam  epitaxy.  Growth  at  temperatures  above  700  ‘C  and  after  preannealing 
the  sapphire  substrates  above  1 100  "C  resulted  in  germanium  films  with  a  ( 1 10)  orientation.  A 
500  nm  germanium  film  grown  at  800  *C  after  preannealing  the  sapphire  substrate  at  1400  'C 
gave  an  x-ray  rocking  curve  width  that  measured  317  arcsec  at  half  maximum  for  the  (220) 
reflection. 


The  growth  of  crystalline  silicon  on  sapphire  (SOS)  is 
well  established,1  and  has  played  an  important  role  in  some 
semiconductor  applications.2  Although  thp  growth  of  ger¬ 
manium  on  sapphire  (GOS)  has  been  reported  in  the 
past, ^  to  the  best  of  our  knowledge  single-crystal  films  have 
been  grown  on  only  the  (0001 )  plane  and  only  titer  heavily 
doping  the  source  germanium  with  arsenic.4,4  The  orienta¬ 
tion  displayed  by  these  films  was  not  revealed,  however.  In 
this  letter  we  report  the  growth  of  ( 1 10)  germanium  on  the  r 
plane  (or  {l  102})  of  sapphire  using  molecular  beam  epitaxy 
(MBE).  . 

Briefly,  the  procedure  is  as  follows.  The  film  growth  was 
preceded  by  chemical  cleaning  of  the  sapphire  ( 1 102)  sub¬ 
strates  to  remove  both  organic  and  inorganic  contaminants. 
The  wafers  were  rinsed  sequentially  in  acetone,  trichloroeth¬ 
ylene,  acetone,  and  methanol,  followed  by  nnsing  alternate¬ 
ly  in  hot  H2O.HC1:H2Oj,  4:1:1,  and  a  4%  HF  solution.  The 
wafers  were  loaded  in  a  Vacuum  Generators  V80  MBE  sys¬ 
tem  equipped  with  high-punty  germanium  loaded  in  an 
Airco-Temesc;  1  single  hearth  electron  gun  evaporation 
source.  The  sapphire  substrates  were  preannealed  between 
1 100  and  1400  'C,  followed  by  the  growth  of  the  germanium 
films.  The  growth  temperatures  ranged  from  400  to  800  *C, 
the  growth  rate  was  ~  1  A/s,  and  the  film  thicknesses  at¬ 
tained  were  between  400  and  1000  nm. 

The  grown  films  were  characterized  using  x-ray  diffrac¬ 
tion.  A  senes  of  Read  photographs  taken  as  a  function  of  film 
growth  temperature  is  shown  in  Fig.  1.  All  of  the  films 
shown  wer:  preannealed  at  1400 ’C.  The  film  grown  at 
400  'C  had  a  highly  reflective  mirror-like  finish,  but  the  con¬ 
tinuous  arcs  in  Fig  1(a)  indicate  that  the  germanium  is 
polycrystalline.  The  remainder  of  the  spots  result  from  dif¬ 
fraction  from  the  sapphire  substrate.  As  the  growth  tem¬ 
perature  was  increased,  the  degree  of  polycrystallinity  of  the 
grown  films  decreased  as  shown  in  Figs.  1  (b)  and  I  (c).  At  a 
growth  temperature  of  700  ’C  or  above,  spots  were  observed 
in  the  Read  photo*  instead  of  arcs  indicating  that  germani¬ 
um  had  a  definite  preferred  orientation  (Fig.  1(d)]. 

The  film  orientation  was  determined  by  x-ray  diffrac¬ 
tion  as  shown  in  Fig.  2.  A  0/2 0  scan  of  the  film  grown  at 
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800  *C  revealed  only  the  (220)  and  the  (440)  reflections  of 
germanium  indicating  that  growth  was  along  the  [110]  di¬ 
rection.  This  is  in  contrast  to  the  ( 100)  orientation  that  sili¬ 
con  displays  when  grosvn  on  sapphire  ( ll02).7-4*  The  figure 
shows  the  (220)  reflection  of  germanium  and  the  (2204) 
relfection  of  sapphire. 

X-ray  measurements  were  also  made  from  reflecting 
planes  perpendicular  to  the  plane  of  the  substrate.  The  wafer 
was  cut  along  the  (1012)  plane  of  sapphire,  so  that  reflec¬ 
tions  could  be  observed  from  the  ( 1 1 1 )  plane  of  germanium 
and  (1012)  plane  of  sapphire.  A  cut  made  perpendicular  to 
the  first  permitted  the  measurement  of  the  reflections  from 
the  (224)  plane  of  germanium,  and  the  (01 12)  plane  of  the 
sapphire.  This  implies  a  misfit  of  6.3%  when  comparing  the 
interplanar  spacings  between  (Ill)  germanium  and  (1012) 
sapphire,  and  a  0.45%  misfit  between  ( 224 )  germanium  and 
(0336)  sapphire.  Both  the  in-plane  and  perpendicular  lattice 
parameters  of  germanium  were  measured  to  be  5.657  A,  in¬ 
dicating  that  no  significant  tetragonal  distortion  was  pres¬ 
ent. 

Transmission  electron  microscopy  (TEM)  observa¬ 
tions  have  verified  the  orientational  relationship  [i.e., 
(Til )/( TO! 2 );  (224)/(0  U2)J  between  germanium  and 
sapphire  that  was  determined  by  x-ray  diffraction.  The  pres¬ 
ence  of  a  second  minor  orientation  was  detected  in  the  thin¬ 
ner  films  that  is  symmetrically  related  to  the  ( 1 10)  orienta¬ 
tion  described  above,  via  the  (1120)  mirror  plane  of 
sapphire  (i.e,  ( Ill )/(0lT2);  ( 224 )/( To  12)].  A  small  frac¬ 
tion  of  germanium  also  assumes  the  twinned  orientations 
corresponding  to  the  germanium  orientations  present.  This 
set  of  crystallographic  relationships  is  identical  to  that  iden¬ 
tified  by  Abrahams  etal.  for  ( 1 10)  silicon  islands  grown  on  a 
(1102)  sapphire  substrate  by  chemical  vapor  deposition.7 
Although  two  orientations  were  detected  in  the  thinner  films 
by  TEM,  a  single  orientation  was  found  to  dominate  in  the 
germanium  films,  and  x-ray  measurements  using  an  oscillat¬ 
ing  sample  ( Weissenberg)  failed  to  detect  the  presence  of  a 
second  orientation. 

The  quality  of  the  films  was  further  examined  by  mea¬ 
suring  x-ray  rocking  curves  for  the  (220)  germanium  reflec¬ 
tions.  The  rocking  curve  of  the  film  grown  at  800  *C  is  shown 
in  Fig.  3.  The  full  width  at  half  maximum  ( FWHM )  for  this 
film  was  317  arcsec.  The  thickness  of  this  film  was  500  nm, 
but  the  width  of  the  x-ray  line  was  narrower  than  the  line 
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APPENDIX  D7 


ELECTRON  HALL  MOBILITY 

(cm2/V-sec) 


588  4.2x1 015 


(SiiNn  Auvunayv) 
30NVll3VdV0 


MICROTWINS 


ap/ap  Nonovyj  3i/\iniOA  iviiN3y3ddia  % 


1000  2000  3000  4000  5000 

DISTANCE  FROM  INTERFACE  (A) 


6000  A  CVD 


/• 


CAPTIONS 


1.  The  theta  -  2  theta  X-ray  diffraction  spectra  of  the  (004)  Si 
peak.  For  bulk  Si  the  peak  occurs  at  o9.17°. 

2.  The  microtwin  differential  volume  fraction  for  a  6C0  nm  CVD  SOS  sample  and  a  500  nm 
MBE  SOS  sample. 

3.  The  high  voltage  CV  plot  of  a  400  nm  MBE  SOS  wafer.  The  small 

amount  of  hysteresis  is  common  fo  most  insulating  gate  oxides;  Si02  is  an  exception. 


TABLES 


1.  The  electron  Hall  mobility  and  carrier  density  on  a  van  der  Paux  structure  at  room 
temperature  and  LN^  temperatures.  Note  that  the  CVD  SOS  mobility  decreases  at  LN? 
temperatures  while  the  MBE  SOS  increases  dramtically  between  room  temperature  ana 
LN2  temperature.  Ther  shape  factor  is  .99  and  .97  at  room  temperature  and  LN2 
temperature  respectively. 
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of  other  structural  and  chemicaLde  feels.  The  Hall  data  for  the  MBE  SOS  is  indicative  of 
much  higher  quality  silicon  epilayers,  where  phonon  scattering  dominates  to  lower 
temperatures^  Conversely,  in  CVD  SOS  significantly  higher  defect  densities  result  in 
elec  tron  scattering  by  charged  defects ‘-b  at  these  lower  temperatures. 

The  high  voltage  CV  measurements  are  performed  ou  400  .nm  SOS  thick  samples.  A 
typical  CV  plot  for  an  MBE  sample  is  shown  in  Fig.  3.  The  static  Si/sapphire  interface 
states  at  weak  inversion  averaged  over  3  wafers  is  -8.0  x  lO1^  cxrA.  Q^wj  for  the 
standard  CVD  process  *  8  is  about  +  2.0  x  10  ^  cm*2. 

There  are  iwo  significant  differences  between  the  Q$swi  values  for  the  MBE  SOS  and 
the  CVD  SOS.  In  the  first  place,  the  average  interface  charge  at  the  Si/sapphire  interface 
for  the  MBE.epilayer  is  more  than  an  order  of  magnitude  below  the  interface  charge  for  the 
CVD  material.  In  the  second  place,  quite  striking,  is  the  fact  that  the  sign  of  the  interface 
charge  is  negative.  This  indicates  that  the  chemistry  at  the  Si/sapphire  interface  for  the 
MBE  SOS  is  significantly  different  from  the  standard  CVD  SOS. 

We  have  shown  that  the  properties  of  the  silicon  epilayer  are  disrinctively  different 
between  the  MBE  SOS  and  the  CVD  SOS,  such  that  the  MBE  SOS  can  not  be  considered 
as  merely  a  material  improvement  of  the  silicon  epUayer  of  CVD  SOS.  The  microstructural 
defects  have  a  different  morphology  having  more  than  an  order  of  magnitude  decrease  in 
the  miexotwin  differential  volume  fraction.  In  addition,  the  microtwin  differential  volume 
fraction  decreases  more  rapidly  for  the  MBE  Si  epilayers,  decreasing  to  near  the  detectable 
limit  at  300nm  and  below  the  detectable  limit  for  Him  thicknesses  above  500  nm.  Growth 
at  lower  substrate  temperatures  or  because  of  the  vacuum  annealing,  the  compressive  shear 
stress  of  the  MBE  SOS  Is  reduced.  The  reduction  in  defects  and  stress  result  in  SI  epilayers 
with  40%  higher  electron  Hall  mobilities  at  room  temperature.  The  MBE  SOS  Hall 
mobility  Increases  by  50%  at  LNj  temperature,  relative  to  its  room  temperature  value, 
which  is  more  indicative  of  bulk  Si  than  CVD  SOS.  The  MBE.  SOS  Si/sapphire  interface 
charge  is  smaller  by  more  than  an  order  of  magnitude  and  is  negative  compared  to  ibe  large 


epilayers  on  sapphire,  there  is  a  tendency  for  the  one  volume  fraction  of  microtwins  to 
decrease  with  film  thickness.  For  a  500  run  epilayer,  one  volume  of  microtwins  is  an  order 
of  magnitude  less  than  for  a  150  nm  epilayer.  For  epilayers  of  700  nm  and  thicker,  one 
microtwin  volume  fraction  is  sufficiently  small  that  it  is  difficult  to  quantify  via  TEM.^ 

Cross-section  TEM  micrographs  indicate  that  the  microtwins  in  the  MBE  epilayer  are 
approximately  30%  as  wide  as  the  microtwins  in  the  CVD  epilayer. 

The  400  nm  MBE  SOS  samples  are  examined  by  ultraviolet  reflectance.  The  results 
gives  a  UVR  number  of  19,  averaged  over  three  wafers.  This  is  compared  to  a  400nm  CVD 
SOS  sample  with  a  UVR  number  <  22.  This  technique  qualitatively  evaluates  the  quality 
of  the  Si  epilayer  on  sapphire.  It  is  largely  or  completely  a  measure  of  the  surface 
morphology  of  the  epitaxial  layer  as  light  of  this  wavelength  penetrates  only  about  100 
angstroms  into  the  Si  surface.  Thus,  the  surface  morphology  of  the  CVD  and  MBE  SOS 
epilayers  is  measurably  but  not  drastically  different  This  result  is  confirmed  by  optical 
Nomarsky  interferometry. 

The  results  for  the  electron  Hall  mobility  are  listed  in  Table  1.  The  electron  Hall 
mobility  is  405  cm^/V-sec  for  the  500  nm  MBE  sample  and  290  cm^/V-sec  for  the  600  nm 
CVD  sample.  This  represents  a  40%  enhancement  of  the  MBE  SOS  to  CVD  SOS  room 
temperature  mobility.  The  increase  in  mobility  would  be  even  greater  if  the  film 
thicknesses  were  equal.  Even  more  dramatic  are  the  results  at  LHj  temperatures.  Here  the 
MBE  SOS  mobility  increases  to  5&8  cmVV-sec  with  a  carrier  concentration  of  4.2  x  10^ 
era'-*.  The  CVD  sample  Hall  mobility  decreased  to  63  cm^/V-sec  with  a  carrier 
concentration  cf  2  x  10^  cm'^.  We  notice  in  both  samples  the  freeze  out  of  carriers  is 
occurring.  The  shape  factor  for  these  HalJ  measurements  is  .99  for  the  room  temperature 
measurements  and  .97  for  the  LN2  measurements  indicating  the  reliability  of  the  data. 

This  Hall  data  for  CVD  SOS  is  in  reasonable  agreement  with  results  obtained 
elsewhere^.  This  increase  of  the  MBE  SOS  mobility  is  consistent  with  the  decrease  in 
stress  and  the  reduction  of  the  microtwin  volume  discussed  above,  as  well  as  the  reduction 
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aluminunru 

The  (004)  X-ray  diffraction  peak  from  the  500  nm  MBE  SOS  film  is  shown  in  Fig.  1. 
In  addition,  the  same  diffraction  peak  from  a  600  nm  CVD  SOS  film  is  shown  for 
comparison.  The  deviation  of  the  peak  position  from  the  bulk  Si  value  Of  69.17°  indicates 
the  amount  of  the  elastic  strain  in  the  epitaxial  layer.  We  see  from  Fig.  1  that  the  deviation 
of  the  (004)  diffraction  peak  for  the  MBE  Si  epflayer  is  21%  less  than  for  the  thicker  CVD 
Si  epilayer.  This  decrease  in  the  angular  position  of  the  (004)  peak  reflects  a  decrease  in 
the  strain  in  the  Si  epilayer.  For  equivalent  thicknesses,  we  expect  this  strain  reduction  to  be 
greater,  since  the  strain  reduces  with  increased  thickness^.  The  reduced  strain  is  felt  to 
result  from  the  lower  substrate  temperature  during  deposition  or  due  to  some  property  of 
the  in-situ  vacuum  anneal. 

Fig.  2  shows  the  microtwin  differential  volume  fraction  as  a  function  of  the  distance 
from  the  Si/sapphire  interface  for  a  600  nm  CVD  SOS  and  a  500  nm  MBE  SOS  film.  First, 
we  note  that  the  maximum  microtwin  differential  volume  fraction  occurs  several  hundred 
angstroms  in  front  of  the  interface.  Thus,  the  largest  volume  of  microtwins  occurs  in  front 
of  the  Si/sapphire  interface.  The  microtwin  differentia]  volume  fraction  is  not  to  be 
confused  with  the  microtwin  density,  which  is  maximum  at  the  interface^.  This 
phenomena  occur,  because  the  micTOtwins  grow  in  size  reaching  a  steady  state 
configuration  a  few  hundred  angstroms  from  the  interface.  At  the  same  time,  the 
microtwins  begin  to  annihilate  with  distance  from  the  Si/sapphire  interface.  Therefore,  the 
microtwin  differential  volume  fraction,  indicated  in  Fig.  2,  maximizes  near,  but  not  at,  the 
interface  due  to  these  two  competing  processes. 

Fig  2  illustrates  that,  for  the  500  nm  MBE  SOS  epilayer,  the  maximum  differential 
microtwin  volume  Is  an  order  of  magnitude  or  more  lower  throughout  the  entire  film 
thickness  compared  to  the  CVD  epilayer.  In  addition,  the  MBE  SOS  differential  microtwin 
volume  fraction  decreases  more  rapidly  with  distance  from  the  interface  than  in  the  CVD 
sample,  effectively  going  to  rero  around  300  nm  from  the  Si/sapphire  interface.  In  MBE  Si 
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The  microtwin  differentia]  volume  fraction  and  microtwin  density  are  quantified  by  a 
new  transmission  electron  microscopy  (TEM)  technique  developed  at  NRL1^.  Prior  to 
developing  this  technique,  a  method  for  quantitatively  determining  the  microtwin  volume 
fraction,  as  a  function  of  the  distance  from  the  Si/sapphire  interface,  did  not  exist.  The 
microtwin  differential  volume  fraction  represents  the  percentage  of  material  which  is 
twinned  relative  to  the  total  amount  of  material  at  a  given  distance  from  the  Si/sapphire 
interface.  The  microtwin  differential  volume  fraction  is  determined  from  conventional  and 
stereo  TEM  imaging  of  plan  view  samples,  as  well  as  from  cross-sectional  TEM 
observations. 

Ultraviolet  reflectoroetry^  and  Nomarsky  microscopy  are  used  to  determine  the 
epilayer  morphology.  The  ultraviolet  reflectance  of  the  SOS  sample  and  a  bulk  Si  sample  is 
measured  at  280  nm.  A  UVR  number  is  defined  which  is  proportional  to  the  difference  in 
reflectivity. 

A  single  crystal  Phillips  horizontal  diffractometer  with  a  copper  target  and  a  0.5°  and 
0.2°  source  and  detector  slit  widths  is  used  to  measure  the  (400)  Si  X-ray  diffraction  peak 
intensities. 

The  electron  Hall  mobility  is  measured.  The  experimental  conditions  consist  of  a 
magnetic  field  of  0.205  T,  a  test  voltage  of  5.6V,  and  a  test  current  of  0.1  ma.  A  van  der 
Pauw  configuration  is  used.  The  MBE  sample  is  uniformly  implanted  with  phosphorous  to 
give  an  electron  density  of  5  x  10^  cm'^.  The  phosphorous  is  activated  by  a  rapid  thermal 
anneal  at  950°C  for  5  min.  in  a  S2  ambient.  The  CVD  sample  is  doped  with  phosphorous 

0. 

during  growth  and  has  an  order  of  magnitude  lower  carrier  concentration. 

The  Si/sapphire  interface  charge  is  obtained  from  high  voltage  capacitance -voltage 
(CV)  plots  where  the  gate  voltage  varies  between  +20kV  and  -20kV,  and  the  sapphire 
substrate  is  used  as  the  gate  oxide.  The  samples  are  prepared  by  Implantation  of  the  Si 
epilayer  with  boron  prior  to  metallization.  Aluminum  dots,  0.S  cm  in  diameter,  are 
deposited  on  the  back  of  the  sapphire  substrate,  and  the  Si  side  is  completely  coated  with 
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Hpitaxial  Si  layers  on  sapphire  (COS)  Is  a  technology  which  originated  in  1963  with  the 
work  of  Manasevits  et  al.l  Chemical  vapor  deposition  (CVD)  resulted  as  the  dominant 
deposition  technique  for  SOS^.  Nonetheless,  a  number  of  early  experimenters  deposited 
SOS  by  vacuum  techniques^  where  the  vacuum  ranged  from  1Q*H  to  10*6  torr,  with  higher 
vapor  pressures  existing  during  deposition.  These  films  were  grown  at  elevated  substrate 
temperatures  (750°C  to  1 100°C)  and  high  rates  (0.2  -  30  nm/sec).  The  substrate  consisted 
of  ither  spinel  or  sapphire  of  various  orientations.  With  the  onset  of  Si  Molecular  Beam 
Epitaxy  (MBE),  several  experimenters  have  grown  epilayers  with  and  without  partial 
ionization^.  Only  in  one  instance^0  was  a  high  temperature  anneal  of  1400°C  reported  as  a 
substrate  pretreatment.  In  this  case  the  sample  was  only  flashed  at  this  high  temperature. 
Recently,  NRL  has  made  a  concerted  effort  to  investigate  and  characterize  the  growth 
kinetics  and  characteristics  of  Si  cn  (1 102)  sapphire  substrates.*  In  these  investigations  the 
substrate  is  preannealed  in-situ  at  high  temperatures  for  30  min.  The  Si  is  deposited  at  a 
deposition  rate  of  0.05  -  0.10  nm/sec.  In  this  paper  the  microstructural  defects,  stra:n ,  and 
electrical  properties  of  MBE  SOS  are  compared  and  found  superior  to  CVD  SOS. 

The  substrate  preparation  and  deposition  were  performed  in  the  NRL  VG80  Si 

MBE/Surface-Analytical  System.*  Silicon  films  are  deposited  on  Union  Carbide  3* 

substrates  with  a  (1102)  orientation.  The  substrates  are  prepared  fust  by  a  chemical 

cleaning  procedure^  followed  by  an  annealing  in  vacuum  at  1450°C  for  30  min.  After  the 

high  temperature  anneal,  the  substrate  is  immediately  transferred  to  the  deposition 

chamber  and  a  400  am  or  500  nm  epitaxial  film  is  deposited  at  0.1  nm/sec.  The  substrate 
%  '  *  ' 
temperature  during  deposition  was  670°C  measured  by  a  specially  designed  Capintec 

pyrometer**  with  the  emissivity  set  to  0,93.  The  base  pressure  of  the  system  is  2  x  10-H  torr 

and  the  deposition  pressure  is  1  x  10* ^  torr.  The  MBE  SOS  is  compared  to  CVD  SOS  of 

approximately  the  same  thickness.  The  CVD  wafers  are  grown  on  (1102)  sapphire  wafers 

after  a  10  min.  anneal  in  II2  at  1 150°C  with  the  epilaycr  deposited  at  a  pyrometer  measured 

substrate  temperature  of  920°C  and  a  deposition  rate  of  33  nm/sec.^ 
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ABSTRACT 

Molecular  Beam  Epitaxy  (MBE)  of  Si  on  Sapphire  (SOS)  has  dramatically  different 
and  superior  properties  compared  to  Chemical  Vapor  Deposited  (CVD)  SOS.  The  strain 
in  the  Si  epilayer  decreases  by  21%.  A  40%  higher  electron  Hall  mobility  occurs  at  room 
temperature.  At  LN2  temperatures  the  electron  mobility  increases  to  a  level  which  is  more 
indicative  of  bulk  Si  than  of  CVD  SOS.  The  microtwin  differential  volume  fraction  profile 
ia  lower  by  more  than  an  order  of  magnitude,  and  decreases  below  the  detectable  limit  at 
300  nm  from  the  interface.  The  average  Si/sapphire  interface  charge  for  MBE  SOS  is 
-S.OxlO^cm"^  while  the  interface  charge  of  CVD  SOS  is  2x10^  cm*2. 
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CAPTIONS 

1.  The  X-ray  diffraction  spectra  for  the  (004)  Si  peak  for  a  CVD  SOS  standard 

and  the  MBE  SOS  epilayers  grown  on  substrates  annealed  in-situ  at  1300°  C  and  1410°  C. 
The  (004)  peak  for  bulk  Si  occurs  at  2 6  =  69. 128° .  The  zero  of  the  different  X-ray 
spectra  are  offset  for  clarity. 

2.  The  X-ray  diffraction  spectrum  for  the  MBE  SOS  layer  grown  on  a 
substrate  annealed  at  1100°C.  The  layer  is  polycrystalline  with  a  strong  (022)  texture. 

3.  The  microtwin  differential  volume  fraction  (MDVF)  for  0.15pm  MBE  SOS 
epilayers  grown  on  substrates  at  the  annealing  temperatures  indicated.  Note  that  for 
Ta  =  1300°  C  the  mdvf  is  much  greater  and  the  peak  occurs  further  from  the  Si/sapphire 
interface. 

4.  The  MeV  4He  +  dechanneline.  The  dechanneling  ratio  at  the  surface  *0 
and  at  the  interface  *  t  are  shown  for  the  different  MBE  SOS  and  CVD  SOS  epilayers. 
For  Ta  =  1 100° ,  the  dechanneling  spectrum  coincides  with  the  random  spectrum. 
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annealed  substrates  is  superior  to  CVD  SOS.  The  crystalline  quality  of  the  MBE  epilayers 
quickly  degrades  as  the  substrate  annealing  temperature  decreases. 
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TTius  for  CVD  SOS,  one  can  reasonably  interpret  the  dechanneling  in  terms  of  microtwins. 
For  The  MBE  SOS,  especially  in  the  case  of  the  14 10°  C  sample,  we  see  that  while  the 
crystalline  quality  is  only  about  20%  better  as  measured  by  the  dechanneling  ratio,  the 
expected  difference  in  the  twin  volume  is  greater1  *  by  a  factor  of  2  to  10.  Therefore  the 
dechanneling  spectra  of  the  MBE  samples  is  composed  of  contributions  from  both  planar 
defects  and  line  defects.  The  dechanneling  spectrum  of  an  MBE  SOS  sample  containing 
only  dislocations  is  found  in  Christou  et  al.*  •  This  spectrum*  •  looks  deceivingly  like  a 
spectoim  resulting  only  from  micro  twins,  but  subsequent  cross-section  TEM  micrographs 
revealed  that  the  microstructure  consisted  entirely  of  dislocations.1  T 

SUMMARY: 

We  have  shown  that  the  in-.-itu  vacuum  annealing  temperature  of  the  sapphire 
substrate  prior  to  deposition  of  an  cptlayer  of  silicon  makes  a  significant  difference  in  tne 
defect  microstructure  and  crystalline  quality  of  the  epilayer.  For  annealing  temperatures 
above  1 100SC,  epilayers  with  a  (001)  orientation  are  obtained.  At  lower  temperatures, 

1  HXDa  C  or  less,  polycrystallme  or  amorphous  layers' 3  are  obtained.  Tire  MBE  SOS 
epilayers  have  2*%  less  tensile  strain  normal  to  the  epilayer  surface  relative  to  the  CVD 
SOS  epilayer.  Tne  strain  irt  the  MBE  SOS  is  independent  of  substrate  annealing 
temperature  and  therefore  must  be  a  function  of  the  growth  kinetics  or  the  chemistry  and 
structure  of  the  sapphire  surface.  For  an  annealing  temperature  of  1100aC  the  Si  film  was 
polycrystalline  with  a  strong  (01 1)  texture.  The  twin  volume  increases  strongly  as  the 
substrate  annealing  temperature  decreases.  In  addition,  the  peak  of  the  microtwin 
differential  volume  fraction  shifts  to  larger  distances  from  the  Si/sapphire  interface  as  the 
substrate  annealing  temperature  decrease*.  The  change  occurs  principally  from  the 
thickening  of  the  microtwin.*.  The  X  ray  diffraction  results  ind  the  'He*  ion  Me  V 
dechanneling  indicates  that  the  MBE  silicon  epilayers  have  higher  densities  of  dislocations 
than  their  CVD  counterpart.  The  crystalline  quality  of  the  V’T!  epilayers  on  14 10  :  < ' 


microtwins  in  the  epilayers  of  the  lower  annealed  substrates  continue  to  grow  in  thickness 
and  width  over  larger  distance  from  the  Si/sapphire  interface.  This  results  in  the  peak 
occurring  further  from  the  interface  assuming  that  the  annihilation  processes  are 
approximately  the  same  in  both  epilayers.  It  should  be  noted  that  if  the  MBE  samples 
analyzed  by  TEM  were  0.3^m  thick,  then  the  MDVF  would  be  systematically  smaller  in 
both  cases.1  * 

The  microtwin  density  for  the  MBE  epilayers  has  the  opposite  behavior  with  substrate 
annealing  temperature  than  the  MDVF.  The  microtwin  density  increases  with  increasing 
substrate  annealing  icmperature.  The  difference  between  the  1410°C  sample  and  the 
1300°  C  sample  is  much  less  than  the  difference  in  the  MDVF.  Thus,  the  microtwins  in  the 
1300°  C  sample  are  substantially  larger,  so  th2t  the  twin  volume  is  larger,  but  they  are  fewer 
in  number.  On  the  other  hand,  when  the  substrate  is  heated  to  a  higher  temperature,  the 
microtwins  are  smaller  in  size  and  occur  more  frequently. 

The  MeV  dechanneling  results  are  shown  in  Fig.  4.  Only  one  random  RBS  curve  is 
shown  for  purposes  of  clarity.  But,  as  noted  above  tl  e  random  curve  for  the  four  samples 
analyzed  increased  in  FW1IM  in  approximately  51>  intervals  from  the  1300°  C  MBE  sample 
to  the  14 10°  C  MBE  sample  to  the  CVD  sample.  For  the  1 100°  C  MBE  sample  the  MeV 
dcchanncling  spe-.trum  is  identical  to  the  random  spectra  indicating  a  polycrystalline 
sample,  which  is  consistent  with  the  XP.D  results  shown  in  Fig.  2.  The  large  dechanneling 
\p:ctrum  of  the  1300°C  sample  indicate-:  that  it  has  the  poorest  crystalline  quality.  This  is 
due  to  the  high  twin  volume  in  this  epilayer.  The  values  of  the  dcchanncling  ratio  at  the 
silicon  surface,  and  *  t  at  the  silicon/sapphire  interface  are  given  in  Fig.  4.  The  best 
dcchanncling  spectrum  occurs  for  the  1410’C  MBF,  sample  indicating  that  it  has  the  best 
crystalline  quality.  It  is  interesting  to  examine  what  disorder  in  the  Si  epilayer  contributes  to 
the  MeV  dcchanncling  of  *  He  *  ions.  In  CVD  SOS,  the  dislocation  density*  *  is 
approximately  10*  •/cm’.  IT  is  represents  about  the  density  threshold  at  which  dislocations 
would  make  a  significant  contribution  above  the  crystalline  Si  axial  dechanneling  spectrum. 
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discassed  below  (Fig.  3),  the  twin  volume  of  the  MBE  Ta  *  1410°  C  epilayer  is  lower  than 
for  the  Ta  =  1 300®  C  epilayer.  Therefore  one  would  expect  a  decrease  in  the  (004)  peak 
intensity  for  the  silicon  epilayer  on  a  13(30°  C  annealed  substrate  compared  to  the  silicon 
epilayer  on  a  1400°  C  annealed  substrate. 

This  explanation  does  not  address  the  case  of  the  CVD  Si  epilayer,  in  which  the  twin 
volume  is  larger  and  the  (004)  intensity  greater  than  the  MBE  Si  epilayer  grown  on  a 
1410°  C  annealed  substrate.  Pait  of  this  increase  (*5%)  can  be  accounted  for  by  the  larger 
thickness  of  the  silicon  epilayer  of  the  CVD  sample  as  measured  by  Rutherford 
backscattering  spectroscopy  (RBS).  Therefore,  we  postulate  that  the  MBE  epilayers  must 
contain  another  contribution  to  the  decrease  of  the  XJRD  intensity.  We  suggest  that  the 
MBE  epilayers  contain  a  higher  density  of  dislocations  compared  to  the  CVD  epilayers. 
Thus  the  Ta  =*  1410°  C  sample  will  have  a  lower  (004)  XRD  intensity  than  the  CVD 
sample.  The  dislocations  in  SOS  are  being  investigated  by  TF.M,  but  the  complexity  of  the 
SOS  system  makes  even  qualitative  evaluation  difficult1  *.  Rocking  curves  will  aid  in 
further  undersianding  of  this  intensity  phenomena. 

Fig.  2  shows  the  XRD  results  for  the  sample  where  the  substrate  is  annealed  at 
1100°  C.  Here  we  find  that  the  Si  layer  is  not  epitaxial,  but  is  polycrystalline.  The  sample  is 
highly  textured  with  a  preferred  orientation  in  the  <  022 >  direction  with  an  intensity  ratio 
of  about  50:1  compared  to  the  (004)  and  (11 1)  orientations.  There  is  also  a  (022) 
contribution  to  both  the  Ta  **  1410°CandTa  -  1300° C. 

The  MDVF,  Fig  3,  evidences  dramatic  differences  as  a  function  of  substrate 
annealing.  Thq  most  distinctive  feature  is  that  the  microtwin  volume  of  the  epilayers 
deposited  on  lower  temperature  annealed  substrates  is  dramatically  higher.  In  addition,  we 
find  that  the  peak  of  the  MDVF  occurs  at  a  distance  of  600A  from  the  Si/sapphire  interface 
for  the  1300°C  MBE  sample,  but  peaks  closer  to  the  Si/sapphire  interface  at  200A  for  the 
1410*0  MBE  sample.  The  peak  results  from  the  competition  of  two  processes.  One  is  the 
growth  in  si/c  of  the  microtwin.  and  the  second  is  the  annihilation  of  the  microtwins.  The 
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and  I  =  10  ma  for  the  (024)  sapphire  peak,  V  =  40  kV,  I  =  30  ma  for  the  silicon  (004)  peak 
and  V  =  50  kV,  I  =  200  ma  for  the  sample  with  the  substrate  annealed  at  1100°C. 

The  dechanneling  measurements  are  made  on  a  3  McV  Tandem  Van  der  Graaff  using 
4  He  +  at  an  energy  of  1.35  MeV.  The  4  He  +  beam  is  incident  normal  to  the  sample 
surface  so  that  channeling  occurred  along  the  <  100  >  axis.  The  backscattered  ions  are 
counied  using  a  silicon  barrier  detector  at  an  angle  of  165° .  The  offset  of  the  detector  is 
near  zero. 

RESULTS  AND  DISCUSSION 

The  XRD  results  for  the  (004)  Si  peak  for  the  Ta  =*  1410°Cand  1300° C samples  are 
shown  in  Fig.  1.  The  main  peak  represents  the  Kat  contribution.  The  high  angle  shoulder 
results  from  the  Kcij  contribution.  For  bulk  Si,  20  »  69.128°.  The  (004)  Si  peak  can  be 
interpreted  directly  as  the  normal  strain  of  the  film1  1  Therefore,  the  Si  epilayer  is  under 
tensile  strain  normal  to  the  sample.  Consequently,  due  to  tetragonal  distortion,  the  in-plane 
strain  would  be  compressive  as  found  previously* C*1  *.  The  reduction  in  strain  in  the  MBE 
epilayers  compared  to  the  CVD  epilayer  corresponds  to  a  difference  a(2<>)  *  0.06°.  This 
corresponds  to  a  decrease  of  24%  in  the  tensile  strain  of  the  MBE  SOS  epilayers  relative  to 
the  CVD  SOS  epilayers.  The  strain  decrease  for  the  MBE  SOS  is  independent  of  the 
in-situ  substrate  annealing  temperature.  Therefore  we  may  conclude  that  the  shift  in  strain 
is  a  result  of  the  parameters  governing  the  growth  kinetics,  such  as  the  growth  rate,  growth 
temperature,  or  ambient.  Alternately,  there  may  be  some  change  in  the  surface  chemistry 
and  surface  structure  above  some  temperature  threshold  which  causes  the  reduction  in 
strain,  and  change  in  the  micros! ructural  defecu. 

Even  though  the  strain  between  the  MBE  SOS  and  the  CVD  SOS  is  independent  of 
the  substrate  annealing  temperature,  the  peak  intensity  decreases  as  we  progress  from  the 
CVD  sample  to  the  Ta  =»  14 10°  C  MBE  sample  to  the  Ta  *■  1300° C  MBE  sample.  For  the 
MBE  samples,  this  may  lie  explained  by  the  differences  in  the  defect  microstructure.  As 
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sample  crystallinity  is  measured  by  X-ray  diffractometry  (XRD).  The  crystalline  quality  of 
the  silicon  epilayer  is  characte.  i  by  MeV  4  He  +  ion  dechanneling. 

EXPERIMENT 

Silicon  films  are  deposited  on  Union  Carbide  3"  wafers  with  a  (1102)  orientation.  The 
substrates  are  first  cleaned  by  a  chemical  cleaning  procedure7  which  is  a  modification  of 
the  RCA  clean* .  The  major  modifications  consist  of  a  substitution  of  H2S04  :H202  in  a 
ratio  of  1:1  instead  of  the  NH40H:H202:H,0  peroxide  solution  in  the  RCA  clean,  and  a 
30  min.  etch  in  a  dilute  1:10  HF:H20  solution. 

Afterwards,  the  substrate  is  inserted  into  the  NRL  VG80  Si  MBE/Surface-Analytical 
System*  d.».  The  sapphire  substrates  were  annealed  at  1410°  C,  1300°  C,  and  1100°C.  The 
Si  is  deposited  at  0.5/jm  to  l.OA/sec.  with  an  epilayer  thickness  of  O-lS^im  or  0.3/itn.  The 
thinner  films  are  used  for  transmission  electron  microscopy  and  the  thicker  films  are 
analyzed  by  X-ray  diffraction  and  MeV  4  He  +  ion  dechanneling.  These  results  are 
compared  with  a  0.3;;m  thick  SOS  wafer  grown  by  chemical  vapor  deposition  at  Union 
Carbide  Corp. 

The  microtwin  differential  volume  fraction  (MDVF)  and  microtwin  density  are 
quantified  by  a  new  TEM  technique  developed  at  NRL*  *.  Prior  to  developing  this 
technique,  a  method  for  quantitatively  determining  the  microtwin  volume  fraction,  as  a 
function  of  the  distance  from  the  Si/sapphire  interface,  did  not  exist.  The  MDVF 
represents  the  percentage  of  silicon  which  is  twinned  relative  to  the  total  amount  of 
material  in  a  differential  thickness  dz  at  a  given  distance  r '  from  the  Si/sapphire  interface. 
The  MDVF  is  determined  from  conventional  and  stereo  TEM  imaging  of  plan  view 
samples,  as  well  as  from  cross-sectional  TEM  observations. 

The  X-ray  diffraction  measurements  are  performed  on  a  Rigaku  SLJ2000  Rotating 
Anode  with  a  Cu  target.  The  diffractometer  was  aligned  to  the  (024)  peak  of  the  sapphire 
substrate  before  taking  spectra.  Ilic  power  settings  of  the  diffractometer  were  V  »  20  kV 
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INTRODUCTION 

Since  the  inception  of  the  silicon  on  sapphire  (SOS)  technology,  a  number  of 
investigations  have  pursued  the  deposition  of  the  silicon  epilayer  by  vapor  deposition  in  a 
vacuum.  Only  a  limited  number  of  these  have  used  in-situ  high  temperature  annealing  of 
the  sapphire  substrate  as  a  technique  or  part  of  a  technique  for  preparation  of  the  sapphire 
substrate  for  silicon  deposition.  In  addition,  little  attention  has  been  paid  to  the  analysis  of 
the  microstructural  defects,  crystallinity,  and  crystalline  quality  of  the  resulting  silicon 
epilayer.  Chang1  studied  the  effect  of  high  temperature  annealing  on  the  sapphire 
substrate  by  AES  and  LEED.  In  this  case,  substrate  temperatures  up  io  1700°  C  were  used. 
The  sapphire  substrates  were  1  cm  square,  and  heated  by  depositing  a  tantalum  film  on  the 
back  of  the  sample,  and  then  passing  a  current  through  the  tantalum  film.  This  technique 
inherently  suffers  from  nonuniform  temperature  distributions  across  the  sample  and  stress 
in  the  substrate  owing  to  the  differences  in  the  linear  coefficient  of  expansion  between  the 
sapphire  and  tantalum  and  temperature  gradients.  Chang  did  not  report  whether  there  was 
any  chemical  cleaning  process  before  inserting  the  sample  in  the  vacuum  system.  Narusuwa 
et  al. 1  annealed  samples  in-situ  up  1 100°  C  for  20  min.  and  examined  the  silicon  epilayer 
with  RHEED.  Yasuda  et  al.*  outgassed  their  samples  •  p  to  1 100°  C  for  1  hr.  in-situ  before 
growth,  and  grew  at  substrate  temperatures  ranging  from  850°  C  to  1050°  C.  They  examined 
the  films  with  replica  microscopy  for  defect  analysis.  Naber  et  al.4  annealed  the  samples  at 
1200°C  and  from  RHEED  re'ulis  determined  that  the  epilayer  crystalline  quality  was  poor. 
Bean*  flashed  the  substrate  at  1400°  C,  showed  MeV  dcchanncling  results  only  for  the  bare 
sapphire  substrate,  but  stated  that  this  technique  resulted  in  lower  mobilities  and  poorer 
crystalline  quality. 

Recently,  NRL  has  made  a  concerted  effort  to  investigate  and  characterize  the  growth 
kinetic*  and  characteristics  of  silicon  on  (1 102)  sapphire  substrates*.  In  this  paper  results 
are  reported  for  substrates  annealed  in-situ  at  1 100°C  to  1410®C  for  30  min.  The 
microstructural  defects  are  characterized  by  transmission  electron  microscopy  (TEM).  The 
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HE  EFFECT  OF  HIGH  TEMPERATURE  SUBSTRATE  VACUUM 
ANNEALING  ON  THE  MICROSTRUCTURE  AND  CRYSTALLINE  QUALITY 

OF  MBE  Si  ON  SAPPHIRE 


E.D.  Richmond,  M.E.  Twigg*.  A.  R.  Knudson,  S.  Qadri,  N.  Green** 

*GEO-Centers,  Inc.,  10903  Indian  Head  Highway,  Fort  Washington,  Md.  20744 
**Sachs/Freeman  Associates.Inc.,  1401  McCormick  Dr.,  Landover,  Md.  20785 

ABSTRACT 

We  have  found  that  annealing  of  the  sapphire  substrate  in-situ  to  very  high 
temperatures  (1100°  C  - 1410°  C)  has  a  pronounced  effect  on  the  crystalline  quality  and  the 
microstructure  of  the  resultant  epitaxial  Si  films.  The  microtwin  differential  volume 
fraction  peaks  further  from  the  interface  as  the  anneal  temperature  is  reduced. 
Simultaneous!/,  the  total  amount  of  twinned  material  increases  as  the  anneal  temperature  is 
reduced.  However,  the  microtwin  density  (cm*3 )  decreases  with  decreasing  anneal 
temperature.  This  indicates  there  are  fewer  but  larger  microtwins  in  the  epilayers  for  which 
the  substrate  anneals  are  at  lower  temperatures.  For  the  lowest  anneal  temperatures  used, 
the  Si  layer  is  polycrystalline  with  a  predominant  (Oil)  texture.  The  (004)  Si  X-ray 
diffraction  peak  occurs  at  the  same  angle  for  substrate  anneal  temperatures  above  1 100°  C. 
Therefore,  the  cpilayer  strain  is  independent  of  the  substrate  anneal  temperature.  Thus, 
the  strain  must  depend  on  either  the  growth  kinetics  or  the  sapphire  surface  resulting  from 
the  high  temperature  enneal.  The  dcchanneling  o.  MeV  *  He  +  ions  reveals  that  the 
crystalline  quality  of  the  MBE  Si  cpilayer  improves  substantially  with  the  increasing 
substrate  anneal  temperature.  For  the  14 10°  C  MBE  Si  cpilayer,  the  value  of  the 
dcchanneling  ratio  at  the  Si  surface,  *  0  ■  0. 10.  This  is  20%  lower  than  the  value  of  the 
dcchanneling  ratio  at  the  surface  for  chemical  vapor  deposited  silicon  on  sapphire. 
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C13  OF  RU  (3~F0RNYLACAC)  (ACAC) 2  AT  t||-  303K 
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!H  And  13C  NMR  Characterization  Of  [Ru(3-CHO-acac)2(acac) ] 


In  the  case  of  the  diformylated  Ru(31I)  product,  ’H  NMR  spectra  (Fig. 12)  typically 
revealed  the  presence  of  a  trace  of  the  monoformylated  species  and  small  amounts  of  free 
ligand  together  with  paramagnetic  resonances  of  decomposition  products.  However,  the  samples 
were  clean  enough  for  spectroscopic  assignments.  The  methyl  resonance  of  the  diformylated 
complex  displayed  large  splittings  while  the  formyl  resonance  exhibited  only  a  modest 
paramagnetic  shift.  It  appears  from  the  3 -H-C<  shifts  (Table  II)  that  most  of  the  spin 
density  resides  on  the  unsubstituted  acac"  ligand  in  these  complexes. 

'H  coupled  *30  spectra  (Fig. 13)  typically  showed  the  presence  of  a  number  of  weak 
resonances  attributable  to  ligand  decomposition  products  but  generally  the  samples  were 
reasonably  clean.  With  the  benefit  of  previous  measurements  for  [Ru(acac)3]  and 
[  Ru(3-CHO-acac)(acac)2  ]  the  *3C  spectrum  of  the  diformylated  complex  could  be  assigned  by 
inspection  for  the  most  part.  However,  unlike  the  monoformylated  complex  it  was  not  possible 
to  assign  the  >C=0  and  >C- formyl  resonances  uniquely  on  the  basis  of  intensity  ratios. 
However,  the  >C-formyl  resonance  would  be  expected  to  lie  near  the  value  of  +320.45  ppm 
observed  in  the  monoformylated  complex.  The  assignments  resulting  from  this  assumption  are 
listed  below  in  Table  II. 

Temperature  Dependence  Of  The  Paramagnetic  Shifts 

In  order  to  determine  the  accuracy  of  these  assignments  a  temperature  dependence  study 
of  the  13C  spectrum  was  made  for  the  diformylated  complex  and  the  data  are  summarized  in 
Figure  14,  omitting  the  methyl  resonances.  These  display  little  temperature  dependence.  The 
3 -formyl  resonance  (+171.16  ppm)  showed  surprisingly  little  temperature  dependence  over  this 
limited  range.  It  seems  likely  that  the  peak  at  ~203  ppm  is  due  to  a  >Q- O  resonance  since 
its  small  temperature  dependence  is  most  consistent  with  a  T „  limiting  value  near  190  ppm,  a 
typical  diamagnetic  >C=Q  value.  The  two  remaining  resonances  at  ~261  ppm  and  ~330  ppm 
appear  to  have  almost  the  same  slope  with  temperature  so  it  is  not  certain  which  corresponds 
to  the  limiting  values  of  M90  ppm  (>£= O)  and  Ml 5  ppm  (>£-formyl).  Either  assignment 
places  large  spin  density  at  these  nuclei. 

Further  support  for  the  assignments  of  the  >Q=0  resonances  has  been  provided  by 
complementary  measurements  of  the  'H  isotropic  shifts  vs  temperature  (Fig. 15).  The  latter 
show  that  one  of  the  formylated  ligand's  methyl  groups  experiences  very  little  shift  and 
consequently  it  exhibits  only  a  small  temperature  dependence.  The  small,  negative  shift  with 


[Ru(3-CH0-acac)„(acac)]  13C  NMR  Shifts 


Figure  14 
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decreasing  temperature  ( increasing  \-M)  is  consistent  with  simple  through-space  dipolar  shifts 
due  to  the  g-value  anisotropy  of  the  ground  state.  This  implies  that  the  contact  shift  is 
nearly  zero  or  just  slightly  positive  at  the  methyl  protons.  Together  with  the  !-t  data  for  the 
neighbouring  >C=0  group  it  would  appear  that  one  end  of  the  formylated  acac-  ligand  is 
depleted  of  spin  density. 

This  behaviour  could  arise  from  a  trans  effect  depleting  T-eleetron  density  from  one  end 
of  each  of  the  3-/ormy/-acac-  ligands  towards  the  unsubstituted  acac"  ligand.  One  difficulty 
with  *'us  explanation  is  the  demonstrated  electron  withdrawing  nature  of  the  3 -formyl 
substituent,  at  least  in  the  a  bonding  sense.  It  would  be  necessary,  therefore,  to  invoke  a 
compensatory  back  t  bonding  effect  transferring  electron  density  to  the  metal  and  the  trans 
ligand  system,  acac-.  It  is  unlikely  that  a  trans  effect  would  completely  denude  x-electron 
density  from  one  end  of  a  formally  conjugated  ligand. 

An  alternative  hypothesis  would  reverse  the  assignments  of  the  >£= O  groups  of  the 
3-/ormyl-acac"  ligand,  with  those  exhibiting  the  large  +ve  isotropic  shift  being  trans  to  the 
acac-  ligand's  >C=  O  groups  (-ve  isotropic  shifts).  Owing  to  the  differences  in  ligand  field 
stength  between  the  two  ligand  types  the  degeneracy  of  the  Ru(III)  d5  t2g  orbitals  {d^d^d^ 
will  be  lifted  before  any  consideration  is  given  to  spin-orbit  coupling.  Although  the  energy 
spacing  is  still  small  enough  to  permit  rapid  electron  spin  relaxation  on  the  NMR  timescale 
(giving  relatively  narrow  lines)  the  unpaired  spin  appears  to  be  restricted  mostly  to  one, 
unique  d-orbital  whose  lobes  share  the  same  plane  as  the  acac"  ligand.  One  coordinated 
oxygen  of  each  3-/ormy/-acac"  ligand  would  interact  with  this  d-orbital  but  with  a  different 
orientation  of  the  oxygen  lone  pair  orbitals,  which  would  tend  to  reduce  overlap.  The  other 
>C=0  group  of  each  3-/ormyf-acac"  ligand  would  interact  with  spin  paired  metal  d-crbitals, 
for  the  most  part,  and  would  thus  display  very  small  contact  shifts. 

All  >C=0  resonances  would  display  small  shifts  and  line  broadening  through  dipolar 
coupling  to  the  unpaired  electron.  Since  there  is  little  difference  in  linewidth  for  the  >C-0 
resonances  attributed  to  the  3-/ormyf-acac"  ligand  it  would  appear  that  the  dipolar 
mechanism  dominates  their  linewidths.  Only  the  acac"  ligand  displays  very  large  contact  shifts 
and  the  linewidths  are  correspondingly  broadened  with  respect  to  those  of  the  3-/ormyl-acac" 
ligand.  The  advantage  of  this  explanation  is  that  it  is  not  necessary  to  invoke  any  difference 
in  the  nature  of  the  bonding  of  the  acac"  and  3-/ormy/-acac"  ligands.  A  small  difference  in 
their  ligand  fields  probably  would  be  adequate  to  cause  enough  splitting  of  the  d-orbital 
degeneracy  to  give  the  observed  NMR  results.  The  only  question  remaining  is  the  difference 
in  sign  of  the  shifts  for  the  >C=0  resonances  on  the  acac"  and  3-/ormy/-acac-  ligands. 


The  3-formyl  group  itself  displays  no  significant  temperature  dependence  in  cither  the 
°C  or  'H  data  sets  and  the  absolute  shifts  are  also  small  vs  those  of  the  diamagnetic  Rh(lll) 
analog.  Given  the  NMR  data  for  the  monoformylated  complex  a  small,  temperature  dependent 
shift  of  the  formy!  substituent  would  be  expected  if  there  was  any  significant  metal  dr  spin 
density  ori  the  ligand.  The  results  suggest  that  there  is  little  direct  interaction  of  the  unpaired 

metal  spin  with  these  substituents  in  the  diformylated  complex.  Thus,  the  mechanism  of  spin 

transfer  to  these  ligands  cannot  be  the  same  as  for  the  acac"  ligand  (direct  filled  pt-dt 
bonding).  Rather,  the  empty  ligand  x*  orbitals  must  act  as  acceptors  for  the  3-/ormy/-acac ' 
ligand  in  the  diformylated  complex.  This  would  probably  account  for  the  change  in  sign  of 
spin  density  at  the  >C=0  nuclei  vs  the  acac"  ligand.  The  spin  distribution  over  the  ligand 
may  well  differ  in  this  case  also. 

Formally,  the  same  situation  must  hold  for  the  monoformylated  complex.  However,  in 
this  case  the  observed  NMR  data  show  that  a  large  amount  of  spin  density  resides  on  both  of 
the  unsubstituted  acac"  ligands.  The  3-/ormyf-acac"  ligand  experiences  larger  shifts  than  in 
the  diformylated  complex  but  again  with  opposite  sign  of  spin  density  at  the  >C=0  nuclei. 
Therefore,  it  must  be  assumed  that  one  spin  paired  d-orbital  shares  the  plane  of  the  unique 
3-/o/’/rty/-acac"  ligand  and  that  it  is  somewhat  lower  in  energy  than  the  remaining  d-orbitals. 
The  latter  may  well  be  split  by  spin-orbit  coupling,  since  there  must  be  a  mechanism  for 

rapid  electron  spin  relaxation  to  explain  the  narrow  NMR  linewidths.  However,  unlike  the 

diformylated  complex,  this  pair  of  d-orbitals  must  share  the  unpaired  spin.  The  magnetic 
inequivalence  of  the  observed  >CO  resonances  of  the  acac"  ligands  suggests  that  they  are 
not  degenerate  but  aiso  that  they  do  not  differ  too  much  in  energy.  A  consequence  of  two, 
nearly  degenerate  d-orbitals  sharing  the  unpaired  spin  density  is  a  greater  interaction  of  the 
3-/ormyf-acac"  ligand  with  the  unpaired  spin  but  not  via  the  direct  pr-dr  bonding 
mechanism  (L-»M  charge  transfer)  that  appears  to  be  operative  for  the  acac"  ligands. 

In  summary,  differences  in  metal  t2g  d  -orbital  energy  caused  by  3-formyl  substituents  on 
acac"  ligands  appears  to  cause  preferential  overlap  of  metal  centered  spin  density  with  the 
unsubstituted  ligand.  This  requires  that  the  bonded  M.O.  for  the  3-/ormy/-acac"  ligand  to  be 
lower  in  energy  than  those  for  the  acac"  ligands,  a  result  to  be  expected  given  conjugation 
between  the  formyl  group  and  its  acac"  like  pseudo-aromatic  ring.  Furthermore,  the  opposite 
behaviour  would  be  predicted  for  mono-  and  disubstituted  complexes  where  the  substituents 
raise  the  energy  of  the  bonded  M.O.  vs  acac". 


These  considerations  may  have  kinet'C  consequences  for  ligand  bridged  redox  events  if  the 
substituent  effect  is  such  as  to  reduce  the  coupling  to  the  hole  in  the  metal  t2„  orbital  set.  In 
the  case  of  the  diformylated  complex  an  increase  in  rate  for  inner-sphere  electron  transfer 

with  Ti(IIl)  ion  may  not  be  observed.  Although  there  is  a  greater  driving  force  and  a 

statistical  factor  in  favor  of  faster  reaction  compared  with  the  monoformylated  complex,  there 
also  appears  to  be  less  electronic  coupling  to  the  hole  in  the  t2g  oibital  set  via  the 

formylated  ligand.  This  would  be  a  true  test  of  whether  these  systems  exhibit  nor.-adiabaticity 
in  the  electron  transfer  event.  In  all  likelihood,  these  reactions  are  limited  solely  by  the 
insertion  rate  into  the  coordination  sphere  of  Ti(III)  ion  and  the  behaviour  of  the 

diformylated  complex  may  just  be  statistical.  This  will  be  tested  in  due  course. 


TABLE  I 

And  13C  NMR  Assignments  For 
Rh(3-CHO-acac)(acac)2  and  Ru(3-CHO-acac)(acac)2 
In  CDC13  At  T  -  303K 


Nuclei 

Rh(III) 

5  (ppm) 

Ru(III) 

5  (ppm) 

A  Shift 

(ppm) 

>H: 

-ch3 

+2.15 

-13.01 

-15.16 

-ch3 

+2.15 

-10.30 

-12.45 

-CH3(f) 

+2.61 

+7.47 

+4.86 

■0=C-H(f) 

+10.14 

+  12.89 

+2.75 

X 

i 

u 

A 

+5.50 

-46.7 

-52.2 

^C:  (’H  coupled) 

-ch3 

+26.44  (av) 

-20.23  (av) 

-46.67 

-ch3 

+26.44  (av) 

-9.94  (av) 

-36.38 

-CH3(f) 

+28.40  (av) 

+1.87  (av) 

-26.53 

>c=o 

+189.0 

-26.48 

-215.5 

o 

II 

u 

A 

+189.0 

+57.52 

-131.5 

>C=0(f) 

+  196.8 

+338.2 

+  141.4 

0=C-H(f) 

+190.3  (av) 

+206.8  (av) 

+16.5 

>C-formyl 

+115.5 

+320.4 

+  204.9 

>C-H 

+99.4  (av) 

+370.9  (av) 

+271.5 

TABLE  II 

And  13C  NMR  Assignments  For 
Rh(3-CHO-acac)2(acac)  and  Ru(3-CHO-acac)2(acac) 
In  CDC13  At  7  =  298K 


Nuclei 

Rh(III) 

6  (ppm) 

Ru(III) 

5  (ppm) 

A  Shift 

(ppm) 

>H: 

-ch3 

+2.18 

-15.72 

-17.9 

-CH3(f) 

+2.63 

-1.21 

-3.84 

-CH3(f) 

+2.63 

+8.48 

+5.85 

0=C-H(f) 

+  10.15 

+11.69 

+1.54 

>C-H 

+5.54 

-56.39 

-61.93 

,JC:  (‘H  coupled) 


-ch3 

+26.38  (av) 

-10.03  (av) 

-36.41 

-CH3(f) 

+28.27  (av) 

+0  28  (av) 

-27.99 

-CH3(f) 

+28.27  (av) 

+7.43  (av) 

-20.84 

>c=o 

+  189.4 

-72.44 

-261.8 

>C=0(f) 

+  197.1 

+203.3 

+6.2 

>C=0(f) 

+  197.1 

+261.0 

+63.9 

0=C-H(f) 

+  190.1  (av) 

+171.2  (av) 

-18.9 

>C-formyl 

+115.4 

+330.3 

+214.9 

>C-H 

+99.52  (av) 

+405.9  (av) 

+306.4 
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Part  IV 

Spectroscopic  Characterization  Of  The  3-Formyl  Derivatives 
Of  [Ru(acac)j  ]  and  [Rh(acac)3  ] 

Electronic  spectroscopy  was  used  to  ascertain  the  degree  of  x-bonding  interaction  between 
the  3-formy!  substituent  and  the  acac*  ligand  for  [  Ru(3-CHO-acac)n(acac)3_n  ].  The  electronic 
spectra,  redox  potentials  and  NMR  spectra  were  compared  with  those  for  the  derivatives 
[  Ru(3-X-acac)Q(acac)3_n  ]  (X  ==  -ChT.-Br,-!)  to  illustrate  that  the  formyl  substituent  does  nor 
interact  strongty  with  the  ^-electron  system  of  the  acac"  ligand.  Infrared  spectroscopy  was 
also  utilized  to  assess  the  degree  of  interaction  between  the  formyl  substituent  and  the  acac" 
ligana  in  the  complexes. 


UV-Visible  Spectroscopy  Of  [Rh(acac)3]  And  Formylated  Derivatives 

Ligand  absorption  tends  to  dominate  the  UV-Visible  spectra  of  [M(acac)3]  complexes. 

Endo  et  aha  have  reported  the  spectra  of  a  number  of  substituted  [Ru(acac)3]  derivatives 

with  somewhat  scant  data  on  the  free  ligands. ^  For  acetyiacetone  in  CH3CN  they  reported 
that  Xmju  =  272  nm  without  an  <  value,  though  these  are  typically  MO4  M"1  cm*1  for  several 
reiated  derivatives.  No  mention  was  made  of  splitting  due  »o  the  presence  of  keto  and  enol 

isomers  in  this  solvent.  Akehurst  et  aha  have  reported  a  similar  value  for  the 
3-formyl-acetylacetone  ligand  in  0.1  N  NaOH  (aq.)  with  Xnui  =  272  nm  (<  =  37,140  M*1 

cm'1)  while  in  EtOM  (5%  HC1)  solution  two  peaks  *ere  observed  with  XmM  -  236  nm  (i  - 
22,100  M"1  cm  *)  and  X,^  =  275  nm  (r  =  10,250  M"1  cm'1)  due  to  the  presence  of  both 
the  enol  and  keto  forms  of  the  ligand.^ 

On  complcxation  to  a  metal  the  lig.’nd  »-«i*  and  n~*»*  absorptions  arc  shifted 

appreciably  and  a  set  of  UV-Visible  spectra  were  obtained  over  the  range  220-800  nm  in 
IitOH  solution  for  the  diamagnetic  Rh(IH)  complexes  described  previously  (Fig. 16).  There  is 

little  evidence  of  metal  d-d  transitions  or  low  lying  M-L  charge  transfci  Hands  to  complicate 
these  spectia  so  that  they  reveal  mostly  the  ligand  based  transitions.  The  ligand  *-*»* 

transition  for  [Rh(acac),]  ( - )  occurs  below  220  nm  A  Xrn4i  value  of  204  nm  (r  3 

7 VHQ  M  1  i  rn_l)  was  found  by  Halahtira  and  lewis  in  an  acidic,  aqueous  medium  for  whal 
they  believed  to  be  the  rr(lll)  complex,  ( Cr(OH :),(acac)  ]•*. D  Thus,  [Rh(.uac),]  would  be 
expected  to  have  a  similar  absorption  band  with  three  times  t tie  intensity,  ir.  t  '  22,500 


Nl'1  cm-1.  The  measured  spectrum  greatly  exceeds  this  value  at  220  nm  and  it  can  be 

inferred  that  metal  based  transitions  may  well  interfere  with  this  region.  The  n-»»*  transition 

for  [Rh(acac)3]  occurs  at  Xmix  =  318.0  nm  (<  =  9857  M'1  cm'1)  while  an  unassigned  ligand 

transition  is  observed  at  Xmax  =  258.2  nm  (<  =  8796  M'1  cm'1).  By  way  of  comparison, 
[ Cr(OH1)4(acac)  ]-*  was  found  to  have  transitions  at  xmax  =  326  nm  (r  =  7880  M"1  cm'1) 
and  Xmax  =  253  nm  ((  =4140  M*1  cm'1),  respectively.  The  bands  are  narrower  in  the 

Cr(Ill)  species  and  hence  the  extinction  coefficients  do  not  correlate  well  with  those  for 
[Rh(acac)3],  though  presumably  the  oscillator  strengths  are  similar. 

The  effect  of  formylation  of  [Rh(acac)3]  is  also  illustrated  in  Figure  16.  A  new 

transition  is  observed  at  X,^  =  256  nm  for  both  the  monoformylated  ( )  and 

diformylated  ( - )  derivatives  with  an  approximate  twofold  increase  in  intensu.'  for  the 

latter.  Balahura  and  Lewis  observed  similar  behaviour  for  [C^OH^P-CHO-acac)  The 

ring  localized  transition  at  253  nm  was  observed  as  a  shoulder  on  the  much  more  intense 
formyl  transition  which  was  split  into  two  peaks  at  Xj,^  =  244  nm  (<  =  11,600  M'1  cm'1) 

and  Xmax  =  231  nm  ((  =  14,100  M'1  cm'1!.  The  combined  oscillator  strengths  of  these  bands 

would  be  comparable  to  that  found  for  [  Rh(3-CHO-acac)(acac)2  ].  Presumably,  the  splitting  in 
the  spectrum  of  the  Cr(lll)  r.pecies  is  due  to  a  keto  »-»  enol  isomerization  of  the  ligand.  This 
must  occur  at  the  free  aldehyde  rather  than  the  coordinated  ring  >C=0  positions  since  the 

Cr(lll)  complex  is  quite  inert  towards  isomerization  to  the  corresponding  2-acetyl-butanedione 
linkage  isomer,  which  these  authors  also  prepared.  The  latter  displayed  a  similar  spectrum 

with  XrtJiJC  =  246  nm  (r  =  13,150  M'1  cm*1)  and  Xinlx  =  238  nm  (r  =  12,750  M'1  cm*1)  for 
the  free  ketone  group.  This  complex  was  similarly  inert  towards  isomerization  to  the  3-formyl 

species.  Protonation  of  the  free  aldehyde  group  has  not  been  tested  yet  for  the  Rh(lll) 

3-formyl-acac  complexes  due  to  their  insolubility  in  aqueous  media. 

UV- Visible  Spectroscopy  Of  [Ru(acac)3]  And  Formylated  Derivatives 

The  UV-Visiblc  spectia  of  the  Ru(HI)  acctylacctonates  are  shown  in  Figures  17-19  in 

l.tOH  ('  =  24  6.  ?  =  1  M»),  CH/TN  (t  =  36,  p  =  3.53)  and  CH£I2  (t  =  8.9,  n  =  1.14), 

respectively.  The  Ru(Ill)  complexes  show  two  extra  transitions  not  observed  in  the  Rh ( 111) 
analogs.  These  are  due  to  the  one  electron  vacancy  in  the  t2<5  metal  orbital  set  allowing  low 

energy  L-.M  charge  transfer  bands  to  appear.  For  [Ru(acac)3]  ( - )  these  2rc  observed 

at  xau>  505  nm  (ave.  i  "  1600  M'1  cm*1)  and  XmiI  •*  270  nm  (ave.  t  *•  17500  M'1 

cin"1)  The  ligand  centered  t  ♦»*  and  r.-t#  transitions  are  still  observed  but  the  lattes  is 

significantly  red  shifted  to  Xml>  347  nm  (ave.  t  8100  M'1  cm'1).  This  band  is  s.ightly 

split  but  the  oscillator  strength  should  be  quite  similar  to  that  for  [Rh(acac)3],  None  of  the 
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transitions  for  [Ru(acsc)3]  display  any  significant  dependence  on  solvent  dielectric  constant,  e, 
or  the  solvent  dipole  moment,  ft.  Endo  et  alio  e  reported  the  following  spectra!  values  for 
[Ru(acac)3j  in  CH3CN  solution,  X,,^  nm  cm-1',:  506  (1550),  349  nm  (8710),  272  nm 

(17380)^  which  differ  from  those  shown  in  Figure  18:  504.5  (1561),  347.25  (8085),  270.5 
(16,950).  Since  the  sample  'used  for  the  current  work  has  been  highly  purified  and  thoroughly 
characterized  by  'H  and  ^  NMR  spectroscopy  the  latter  values  are  probably  correct. 

The  monoformylated  derivative  ( - )  displays  a  similar  spectrum  to  the  parent 

complex  with  one  additional  band  at  X,^  -  240  nm  (ave.  e  ~  17,000  M-1  cm-1)  which 
varies  a  little  in  intensity,  position  and  bandwidth  with  solvent.  These  spectra  are  similar  to 
that  obtained  in  HjO  (Fig. 20),  where  the  the  formyl  transition  is  rather  poorly  resolved.  The 
solvent  dependence  is  consistent  with  specific  hydrogen  bonding  effect  at  the  free  aldehyde 
group.  Although  separate  ligand-wnetal  charge  transfer  bands  would  be  expected  from  the 
acac-  and  3-CHO-acac-  ligands  only  a  single  envelope  is  observed  but  red  shifted  to  X,^  ~ 
513  nm  (ave.  e.  ~  1510  M-1  cm-1)  in  the  non-aqueous  solvents.  These  measurements  contrast 
rather  dramatically  with  the  work  of  Berrie  and  Early  who  reported  the  following  values  for 
Xjjuj,  nm  (c,M_1  cm-1):  512  (1050),  338  (6160),  220  (1420). 3  Clearly,  these  workers  did  not 
have  pure  material! 

The  diformylated  derivative  ( - )  also  displays  the  free  aldehyde  transition  at  Xmax 

~  240  nm  but  at  approximately  twice  the  intensity  of  the  monoformylated  derivative.  Once 
again,  this  transition  is  better  resolved  in  the  aprotic  solvents.  No  comparison  is  available  in 
H20  owing  to  insolubility.  The  ligand-»metal  charge  transfer  band  is  quite  obviously  split  into 
two  components  with  that  due  to  the  3-CHO-acac-  ligand  appearing  at  Xma:t  =  468-476  nm 
(<  =  1698-1793  M-1  cm-1).  Note  that  the  splitting  of  the  LMCT  band  (>=  0.23  eV)  parallels 
the  redox  potential  difference  between  the  parent  and  diformylated  complexes  (0.28  eV),  as 
one  would  expect. 

UV-Visible  Spectroscopy  Of  [Ru(3-X-acac\,(acac)j_n  ]  (X  =  -Me,-Br,-I) 

The  UV-Visible  spectra  of  the  3-bromo-  and  3-iodo-  substituted  complexes  were 
obtained  in  CH3CN  solution  (Fisher,  HPLC)  and  the  data  are  shown  in  Figures  21-22, 
respectively.  In  both  cases  there  is  a  progressive  red-shift  of  all  transitions  with  increasing 
numbers  of  halogen  substituents.  The  lowest  energy  band  is  the  superposition  of  LMCT 
transitions  from  the  individual  ligands  but,  unlike  the  3-formyl  derivatives,  these  are  not 
resolved  due  to  the  breadth  of  the  overlapping  bands. 
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Only  the  nighest  energy  transition  (ligand  x-r*)  displays  any  significant  splitting.  The 
remarkable  feature  here  is  the  loss  of  intensity  for  this  ligand  centered  transition.  This 
indicates  that  the  electron  withdrawing  substituent  interacts  strongly  with  the  ligand  r  system, 
perhaps  via  px-dx(Halogen)  ylide  bc.iding.  This  contrasts  sharply  with  the  behaviour  cf  the 
3-formyl  derivatives  whose  spectra  appeared  to  be  the  superposition  of  [Ru(acac)3]  like 
transitions  with  those  of  the  substituent.  In  this  case  there  appeared  to  be  no  significant 
px-px  coupling  between  the  acac'  ring  and  the  formally,  conjugated  formyl  group. 

The  3-methyl  derivative  has  not  been  studied  in  detail  as  yet,  though  the  LMCT  band 
(Fig. 23)  is  led-shifted  ~50  nm  from  that  of  [Ru(acac)3].  This  suggests  that  the  3-methyl 
group  does,  as  anticipated,  behave  as  an  electron  withdrawing  group  which  is  consistent  'with 
its  isotropic  NMR  shifts.  Yet  electrochemical  data  ( vide  infra)  show  the  opposite  behaviour. 
Such  discrepancies  abound  when  one  considers  substituents  on  aromatic  or,  in  this  case, 
pseudo-aromatic  rings  as  nothing  more  than  exogenous  appendages.  Clearly,  the  3-methyl 
derivative  behaves  like  a  benzyl  radical  with  a  non-bonding  orbital  between  the  x-bonding 
ard  x* -antibonding  molecular  orbitals.  In  such  a  bonding  scheme  one  might  well  expect  to 

easily  remove  one  electron  at  a  low  potential.  However,  the  3-methyl  substituent  may  still  act 
as  an  electron  withdrawing  group  viz  b  vis  the  x  and  x*  levels.  Hence,  the  various 
experiments  probe  different  features  of  the  substituent  interaction  with  the  pseudo-aromatic 
ring  and  none  alone  suffices.  Ultimately,  x-M.O.  calculations  will  be  required  to  sort  out 
some  of  the  subtleties  in  the  experimental  data. 

Infrared  Spectroscopy  Of  [Ru(acac)3  ]  And  Formylated  Derivatives 

Solution  1R  measurements  were  performed  on  a  P's  1710  FTIR  (16  scans)  in  CH£I2  and 
CD2C12  solvents  using  a  single  0.1  mm  Csl  cell.  Solutions  were  prepared  by  weighing  10-25 
mg  samples  of  the  Ru(lII)  complexes  in  glass  vials  to  which  0.50  or  1.00  mL  of  solvent  was 
added  via  syringe  allowing  extinction  coefficients  to  be  obtained  to  within  10%  precision 

(solvent  evaporation  was  the  largest  error).  Dichloromethane  proved  useful  for  1R 

measurements  since  the  and  5q^  modes  were  relatively  weak  and  sharp.  However,  there 

are  two  regions  blacked  out  by  the  CH£12  solvent  in  0.1  mm  pathlength  cells;  1270-1250 
cm-1  (JCH)  and  760-690  cm-1  (i>c,.cl).  The  former  was  eliminated  by  use  of  CD^Tl^  for 
which  the  blackout  due  to  5^  shifts  to  the  970-940  cm"1  region.  The  i'C_cl  blackout  's  not 
so  important  bu;  does  cover  up  some  ring  deformation  modes. 

The  solution  1R  spectrum  of  [Ru(acac)3]  is  shown  in  Figures  24-25  for  the  region 
2000-450  cm"1.  The  ring  vCmQ  (1545  cm"1)  and  vc.c  (1519  cm"1)  modes  dominate  the 
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spectrum.  The  ordering  of  these  modes  was  controversial  at  one  time  but  has  been  resolved 
in  the  literature  from  180  and  -t)  isotopic  substitution.  Such  studies  have  shown  that  these 
modes  are  coupled,  of  course,  though  not  to  the  extent  one  might  think.  Shifts  in  the 
energies  of  these  vibrational  modes  have  beer:  used  as  a  determinant  of  relative 
pseudo-aromatic  character  in  the  acac"  ring  for  different  metal  ions  but  these  shifts  are 
usually  small. 

The  solution  1R  spectrum  of  [  Ru(3-CHO-acac)(acac)2  ]  is  shown  in  Figures  26-27.  As 
expected,  the  free  aldehyde  »,c«o  mo^e  appears  at  1666  cm'1  in  addition  to  the  normal  acac" 
ring  modes.  The  spectrum  also  contains  a  number  of  new  modes  due  to  the  substituted  ring 
and  i'qj  ana  6^  modes  of  the  free  aldehyde.  The  remainder  of  the  spectrum  is  very  similar 
to  the  parent  complex  since  there  are  two  unsubstituted  ligands.  Therefore,  the  composite 
rings  modes  appear  at  1543  cm*1  (»-Ci,q)  and  1519  cm*1  (>>CllC)  and  no  infoimation  about  the 
substituted  ring  is  readily  extracted  from  this  region  of  the  spectrum. 

The  solution  1R  spectrum  of  [  Ru(3-CHO-acac)2(acac)  ]  is  shown  in  Figures  28-29.  The 
free  aldehyde  band  appears  at  1669  cm-1  and  is  more  intense  than  in  the  monoformylated 
complex.  Absorbance  mode  plots  show  that  the  ratio  is  very  close  to  2:1,  as  expected.  The 
ring  modes  are  dominated  by  the  3-CHO-acac"  ligand  in  this  case  and  only  a  single  band  is 
observed  for  *Ca0,  »c.c  at  1534  cm"1,  with  barely  resolvable  shoulders  for  the  acac"  ligand 
mode  on  either  side.  Thus,  formylation  has  a  dramatic  effect  on  the  ring  modes!  The  shifts 
imply  lower  bond  order  for  the  >C=0  groups  and  higher  bond  order  for  the  C-C-C 
fragment  of  the  ring,  suggesting  a  higher  degree  of  pseudo-aromatic  character  than  for  the 
parent  acac"  ring.  This  is  the  result  expected  for  formylation  since,  in  principle,  the 
resonance  delocalization  should  increase  with  conjugation  to  the  3-formyl  substituent. 
However,  the  extent  of  such  electronic  coupling  is  small  and  the  free  aldehyde  mode  is  not 
very  different  from  an  aliphatic  ketone  (rc.0  -  1720  cm"1).  The  actual  extent  of  the  shift 
will  need  to  be  studied  experimentally  since  >C-0  modes  are  very  sensitive  to  solvent 
Il-bonding  cr frets. 

A  more  complete  discussion  of  the  vibrational  studies  will  be  given  at  a  later  date  when 
it  is  hoped  that  data  will  be  available  for  the  triformylated  derivative.  The  combination  of 
NMR,  UV-Visible  and  1R  spectroscopy  on  that  derivative,  if  it  can  be  prepared,  would  be 
deterministic  with  regard  to  the  pscudo-arom3tic  behaviour  of  the  3-CHO-acac"  ligand  on 
Ru(lII)  and  its  role  in  ligand-bridged  electron  transfer  reactions. 
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Part  V 

Electrochemical  Characterization  Of  The  Derivatives 
[Ru(3-X -acac)n(acac)3_n  ]  (X  =  -CHO,-CH3,-Br,-I) 


Measurements  of  the  redox  potentials  of  [Ru(acac)3]  and  its  3-X-acac~  derivatives  were 
used  to  provide  a  means  of  assessing  the  relative  electron-withdrawing  ability  of  the  formyl 
substituent.  Since  the  electronic  spectroscopy  of  these  complexes  showed  that  the  formyl  group 
does  not  interact  strongly  with  the  acac"  ligand's  r-electron  system,  the  electrochemical  data 
below  should  be  interpreted  in  terms  of  a  a  bonding  effect. 

Electrochemistry  Of  [Ru(3-CHO-acac)n(acac)3_n  ]  (n=0,l,2) 

Previous  electrochemical  studies  of  [Ru(acac)3]  and  its  monoformylated  derivative  were 
performed  by  Early  et  alia  in  an  aqueous  medium  of  0.1  HCI/0.9  M  LiCl  (I  =  1.0  M)  to 
match  the  conditions  used  in  their  kinetic  measurements. I  However,  these  Ru(Ill)/(Il)  couples 
are  expected  to  be  pH  independent  and  there  is  no  good  reason  to  perform  measurements  in 
strong  acid  solution.  Doing  so  would  almost  surely  prevent  the  use  of  noble  metal  electrodes 

due  to  the  onset  of  hydrogen  adsorption  and  evolution  waves.  Indeed,  the  previous  workers 

report  the  use  of  a  carbon  paste  working  electrode  which  displays  a  large  overpotential  for 
hydrogen  evolution.  For  initial  studies  of  these  systems  a  medium  of  0.1  M  NaCI  in  deionized 
water  was  chosen  to  match  the  electrolyte  in  the  SSCE  reference  electrode,  to  provide  low 
enough  solution  resistance  to  avoid  potential  control  errors,  to  minimize  to  possibility  of  Cl' 
complexation  kinetics  in  the  Ru(II)  state  and  to  permit  the  use  of  both  giassy  carbon  and  Au 
disc  working  electrodes.  The  background  current  from  these  working  electrodes  in  0.1  M  NaCI 
was  found  to  be  1 .44  jiA/imn2  for  glassy  carbon  and  0.45  /(A/mm 2  for  Au  over  the  range 
*0.4  to  -1.2  V  vs  SSCE.  Clearly,  the  Au  disc  working  electrode  is  best  suited  to  aqueous 
studies  in  this  potential  range.  The  situation  may  well  favor  glassy  carbon  in  acidic  media. 

Measurements  were  obtained  for  an  argon  bubble-degassed  solution  (^7.6xl0~4  M)  of 
[  Ru(acac)3  ]  in  O.i  M  NaCl/H/0  at  T  =»  (25  t  0.1)  'C;  both  the  cell  and  calomel  electrode 
were  thcrmostaitrd.  The  Ru(!ll)/Ru(II)  reduction  potential  was  -0.5215  V  v.r  SSCE  on  glassy 
carbon  and  -0.518  V  vr  SSCE  on  gold  taken  at  sweep  rates  where  the  AEp  was  63-65  mV. 

The  peak  splitting  was  almost  constant  with  sweep  rate  on  gold  but  broadened  on  iassy 


carbon  with  increasing  sweep  rate,  indicating  slower  heterogeneous  kinetics  on  the  carbon 
electrode.  These  measurements  coirespond  to  reduction  potentials  of  -0.286  V  (GCE)  and 
-0.282  V  (GE)  vs  NHE  and  compare  reasonably  well  with  the  value  of  -0  278  V  vs  NHE 
reported  by  Early  el  aliaA  Junction  and  reference  electrode  potential  errors  are  of  this  order 
of  magnitude.  The  electrode  pretreatment  consisted  of  polishing  with  0.05  n  alumina  :n  water 
slurry  on  microcloth  followed  by  rinsing  in  deionized  water  and  methanol  with  sonication  to 
help  remove  polishing  debris.  The  origin  of  slower  heterogeneous  kinetics  on  glassy  carbon  is 
unknown  at  present.  This  observation  is  somewhat  surprising  since  no  H*  transfer  steps  are 
required  in  the  Ru(IlI)/Ru(Il)  couple,  at  least  in  the  overall  sense,  for  which  the  surface  state 
functional  groups  would  be  critical. 

Equivalent  measurements  could  not  be  obtained  for  the  formylated  derivatives,  which  are 
essentially  insoluble  in  aqueous  media.  Therefore,  electrochemical  measurements  were  obtained 
in  ~5%  acetone  solutions  prepared  with  the  0.1  M  NaCl  electrolyte.  This  solvent  system  did 
not  display  any  redox  behaviour  in  the  working  potential  range  +0.4  to  -0.8  V  vs  SSCE.  The 
solutions  were  prepared  by  dilution  of  0.5  mL  of  a  nearly  saturated  solution  of  each  complex 
in  acetone.  No  precipitation  occurred  if  the  dilution  was  made  slowly. 

The  reduction  potential  of  [  Ru(3-CHO-acac)(acac)2  ]  in  the  above  medium  was  found  to 
be  -0.3835  V  vs  SSCE  (-0.143  V  vs  NHE)  at  25 "C  on  both  glassy  carbon  and  gold  disc 
working  electrodes  (AEp  =  65  mV).  Once  again,  unlike  the  gold  electrode  glassy  carbon 
displayed  increasing  peak  splitting  with  increasing  sweep  rate.  These  results  are  in  reasonable 
agreement  with  the  value  of  -0.16  V  vj  NHE  reported  by  Berrie  and  Early. 3  After  10  days 
the  aged  solution  gave  a  reduction  potential  of  -0.365  V  vs  SSCE  on  the  gold  electrode  and 
a  quasi-reversible  wave  near  +0.25  V  vs  SSCE.  A  fresh  solution  of  the  monoformylated 
derivative  displayed  some  irreversible  electrochemistry  in  this  region  but  at  a  much  lower 
current  level  so  the  origin  of  this  behaviour  in  uncertain  at  present. 

The  reduction  potential  of  [  Ru(3-CHO-acac)yacac)  ]  in  the  same  medium  was  found  to 
be  -0.244  V  vs  SSCE  (-0.008  V  vs  NHE)  on  glassy  carbon  (A£p  =  64  mV).  No  measurement 
has  yet  been  made  for  a  fresh  solution  on  the  gold  electrode.  Aged  solutions  of  the 
diformylated  derivative  gave  reduction  potentials  of  -0.2305V  vs  SSCE  at  1  day  (with  impurity 
waves  at  ~  +0.18  and  -  +0.35  V.  After  5  days  the  reduction  appeared  at  -0.218  V  vs  SSCE 
but  with  little  evidence  of  the  impurity  waves. 


It  is  worth  noting  that  the  redox  potential  for  Ti(lV)/Ti(llI)  in  0.01  F  HC1  is  -0.14  V 
vs  NHE,  almost  the  same  as  the  monoformylated  derivative.  Thus,  the  redox  reaction  between 
Ti(Ill)  and  [  Ru(3-CHO-acac)(acac)2  ]  at  pH  2  will  only  go  to  completion  if  there  is  a 
pseudo-first  order  excess  of  one  of  the  reagents;  in  this  case  Ti(III)  is  the  only  candidate  for 
use  in  excess.  The  reactions  with  [  Ru(3-CHO-acac)2(acai .) '  and  [  Ru(3-CHO-acac)3]  may 
well  be  more  facile  since  they  are  easier  to  reduce  than  the  monoformylated  complex. 
However,  these  inner-sphere  reactions  are  probably  substitution  rate  limited  and  may  only 
show  a  statistical  rate  increase  with  the  number  of  formyl  groups  available. 

Electrochemistry  Of  [Ru(2-CHO-acac)n(acac)3_n  ]  In  CH3CN/O.I  M  TEAP 

Since  the  oxidative  electrochemistry  was  not  known  for  the  3-formyl  series,  measurements 
were  performed  in  acetonitrile  (Burdick  &  Jackson)  with  dried  TEAP  electrolyte  under  an 
argon  blanket.  The  resulting  cyclic  voltammograms  revealed  two,  reversible  one-electron 
couples  (A£p  7  65  mV)  for  each  Ru(lll)  complex  within  the  solvent  limits.  These  are 
presumed  to  be  the  Ru(lV)/Ru(III)  and  Ru(III)/Ru(II)  redox  processes.  The  data  are 
summarized  in  the  Table  III  below.  Both  waves  shift  anodicaliy  with  increasing  numbers  of 
formyl  substituents,  as  expected  for  electron  withdrawing  functional  groups.  In  order  to  provide 
a  comparison  for  the  electron  withdrawing  power  of  the  formyl  group  several  other  3-X 
derivatives  of  [  Ru(acac)3  ]  were  prepared  via  literature  routes,  purified  chromatographically  and 
characterized  by  'H  and  NMR  spectroscopy. 

Electrochemistry  Of  [  Ru(3-X-acac)n(acac)5_n  ]  (n  =  1,2,3;  X  =  -Br,-I,-Me) 

Cyclic  voltammetry  of  these  Ru(III)  complexes  was  performed  in  dried  CHjCN  (Burdick. 
&  Jackson)  with  0.1  M  TEAP  electrolyte  at  25  C  under  a  blanket  of  argon  (directly  from 
tank).  In  all  cases  one  oxidative  and  one  reductive  wave  was  observed  within  the  solvent 
limits  and  the  data  are  summarized  leicw  in  Table  III. 

The  iodo-  and  bromo-  derivatives  conform  to  expectation  regarding  their  relative  stengths 
as  electron  withdrawing  substituents.  Frr  the  bromo-  derivatives  the  Ru(IV)/(!lI)  wave  is 

completely  reversible  though  the  Ru(!!i)/(II)  wave  appears  to  be  only  quasi -reversible  for  the 
mono-  and  di-brommated  complexes,  which  may  be  related  to  substituent  loss  in  the  Ru(ll) 

state.  Similar  behaviour  appears  to  occur  for  the  iodo  series  though  both  waves  are 

quasi -reversible  for  the  bisiodinated  complex.  Susequently,  'H  NMR  spectra  showed  that  the 
iodo-  derivatives  were  contaminated  with  chloro-  derivatives  due  to  the  1C1  bised  synthetic 
route  used.  The  mixed  iodo-chloro  complexes  will  differ  slightly  from  the  pure  iodo- 


derivatives  in  redox  potential,  so  explaining  the  larger  than  expected  A Ep  values  for  this 
series.  Another  preparation  of  the  iodo-  derivatives  will  be  undertaken  in  future  to  obtain 
more  accurate  electrochemical  and  spectroscopic  data.  However,  the  trends  in  the  data  given 
in  Table  III  should  be  valid. 

Only  the  trimethylated  derivative,  [  Ru(3-Me-acac)3  ],  has  been  prepared  so  far.  However, 
this  is  sufficient  to  show  that  the  methyl  group  acts  as  an  electron  donating  substituent  in  the 
3-X-C<  position  of  this  complex.  Therefore,  [  Ru(3-Me~acac)3  ]  is  significantly  easier  to 
oxidize  than  [Ru(acac)3].  While  the  Ru(IV)/(III)  wave  was  fully  reversible  the  Ru(lII)/(II) 
wave  was  broadened,  apparently  by  weak  adsorption  on  the  electrode.  Repeated  cycling 

through  the  Ru(III)/(II)  wave  alone  gave  very  broad  waves  while  a  single  scan  through  the 
Ru(IV)/(III)  wave  then  sharpened  up  the  Ru(Iliy(II)  wave.  This  probably  points  to  a  solubility 
problem  in  the  Ru(II)  state. 

The  electrochemical  behaviour  of  the  3-methyl  derivative  is  marked  contrast  to  3-formyl 
derivative  and  this  is  reflected  in  their  NMR  spectra  (vide  infra).  While  the  3-formy! 
substituent  does  not  appear  to  interact  strongly  with  the  metal  spin  density  in  the  rz 
molecular  orbitals  of  the  3-CHO-acac"  ligand  the  3-methyi  substituent  displays  very  large 
isotropic  shifts  in  both  'H  and  spectra.  Thus,  the  combination  of  electrochemical  data, 
UV-visibie  and  NMR  spectrospcopy  has  provided  unquestionable  evidence  for  a  dramatic  lack 
of  t  bonding  interaction  of  the  3-formyl  substituent  in  the  [Ru(3-CHO-acac)n(acac)3_n  ] 

series.  However,  at  the  same  time  the  kinetics  measurements  show  that  this  ligand  acts  as  an 
effective  electronic  conduction  pathway  for  the  inner-sphere  oxidation  of  Ti(III),  which 
proceeds  at  nearly  the  same  rate  observed  for  acacH  substitution  on  Ti(IIl). 


Table  III 


Electrochemical  Half-Wave  Potentials  vs  SSCE  (>-  =  100  mV/sec)  For 
[Ru(3-X-acac)n(acac)3_n  ]  in  CH3CN/0.1  M  TEAP  at  T  -  25’C 


Ru(III) 

Complex 

V  (AEp,  mV) 
Ru(IV)/Ru(III) 

V  (AEp,  mV) 
Ru(III)/Ru(II) 

[Ru(3-Me-acac)3  ] 

+C.706  (64) 

-0.930  (76) 

[  Ru(acac)^  ]  ' 

+0.965  (64) 

-0.781  (69) 

[Ru(3-I-acac)(acac)2  ]  a 

+  1.016  (69) 

-0.665  (76) 

[Ru(3-I-acac)2(acac)  ]  a 

+  1.044  (78) 

-0.574  (80) 

[Ru(3-I-acac)3  ]  a 

+1.071  (73) 

-0.479  (71) 

[  Ru(3-Br-acac)(acac)2  ] 

+1.022  (68) 

-0.666  (91) 

[  Ru(3-Br-acac)2(acac)  ] 

+  1.083  (68) 

-0.552  (83) 

[  Ru(3-Br-acac)3  ] 

+1.133  (66) 

-0.451  (69) 

[  Ru(3-CHO-acac)(acac)2  ] 

+  1.100  (65) 

-0.597  (64) 

[  Ru(3-CHO-acac)(acac)2  ] 

+  1.224  (66) 

-0.415  (65) 

a:  These  samples  were  contaminated  with  mixed  iodo-chloro  complexes 
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SOLUTION  KINETICS  AND  MECHANISMS 


Part  VI 

AND  13c  NMR  STUDIES  OF 

PARAMAGNETIC  METAL  ACETYLACETONATE  COMPLEXES 

Transition  metal  complexes  of  the  type  [M(acac)3]  (acac"  =  pentane-2, 4-diona to)  were 
some  of  the  first  to  be  studied  by  NMR  spectroscopy  owing  to  the  simplicity  of  their  spectra. 
The  complexes  have  D3  symmetry  (Fig. 30)  and  therefore  the  NMR  spectra  display  just  two 
unique  'H  resonances  (-CH3,  >C-H)  and  three  resonances  (-CH3,  >C-H,  >(7=0).  The 
original  'H  NMR  work  on  diamagnetic  complexes  was  focused  on  the  question  of  possible 
pseudo-aromatic  character  for  the  coordinated  ligand.  Complexes  of  paramagnetic  metals  were 
also  among  the  first  to  be  studied  in  testing  the  theoretical  predictions  of  Fermi  contact 
(through  bond) -and  Dipolar  coupling  (through  space)  shifts  on  'H  NMR  resonances.  ^  These 
early  studies  conciuded  that  there  did  seem  to  be  some  evidence  for  aromatic  character  in  the 
bonding  of  the  ligand  and  indeed  the  3 -H-C<  position  was  shown  to  undergo  many  of  the 
electrophilic  reactions  common  to  aromatic  ring  systems.  When  pulsed  FT  NMR 

spectroscopy  became  available  the  paramagnetic  [M(acac)3]  complexes  were  once  again  some 
of  the  first  to  be  studied  in  detail. *9 


acac" 


0 


5 
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Figure  30 


Since  the  l3C  NMR  shifts  of  paramagnetic  [M(acac)3]  complexes  were  quite  large,  it 
appeared  that  this  technique  v.ould  be  useful  in  characterizing  the  degree  of  metal  character 
at  the  3 -Q<  position.  Electron  transfer  studies  of  [  Ru(acac)j(3-CHO--acac)  ]  have 
demonstrated  that  the  3-£<  position  is  the  pathway  for  electronic  conduction  across  the 
ligand  so  that  ,-'C  NMR  spectroscopy,  in  particular,  promised  to  be  a  powerful  probe  of  the 
conduction  pathway.  Unfortunately,  the  initial  ^  NMR  spectra  of  [Ru(acac)3]  obtained  at 
N.R.L.  on  a  high  field  NMR  instrument  demonstated  that  the  early  iaC  NMR  spectra  were 
incorrectly  assigned.  This  discovery  raised  doubts  about  all  previous  '-’-C  NMR  studies  of 


paramagnetic  [M(acac)3]  complexes  and  the  interpretations  of  the  bonding  within  the  ligand 

framework.  Therefore,  it  became  necessary  to  reinvestigate  the  NMR  spectroscopy  of  as 

many  additional  paramagnetic  [M(acac)3]  complexes  as  possible  in  order  to  provide  an 
adequate  background  for  the  interpretation  of  paramagnetic  shifts  :n  the  3-formyl  derivatives 

used  for  the  kinetics  studies. 

In  the  case  of  [Ru(acac)3]  this  work  has  unambiguously  identified  the  2,4  >C=0  and 
3  H-C<  carbon  resonances  to  be  opposite  to  the  previous  assignments  of  Doddrel!  and 
Gregson.1^  Therefore,  their  assignments  for  [  V(acac)3  ].  [Mn(acac)3],  [Cr(acac)3]  and 
[  Fe(acac)3  ]  were  also  open  to  question.  These  materials  were  obtained  commercially  in 
reagent  grade  and  were  used  without  further  purification  to  reinvestigate  their  NMR  spectra. 
There  was  little  doubt  about  the  *H  NMR  assignments,  although  the  previous  workers  did  not 
find  the  3-H  resonances  for  [  Cr(acac)3  ]  using  their  CW  mode  spectrometer.  New  !H  NMR 

spectra  were  obtained  mostly  for  improved  precision,  as  well  as  filling  in  the  missing 
resonances,  and  these  data  are  summarized  in  Table  IV.  Of  the  paramagnetic  complexes 

reinvestigated  (M  =  V,  Cr,  Mn,  Fe  and  Ru)  the  most  difficult  °C  NMR  spectra  to  obtain 
were  those  of  [Cr(acac)3],  an  NMR  shift  reagent,  and  [Fe(acac)3]  owing  to  their  unfavorable 
Tle  relaxation  times,  which  give  rise  to  extremely  broad  NMR  spectra.  The  data  obtained 
to  date  are  also  summarized  in  Table  IV. 

NMR  Spectra  Of  [  V(acac)3  ] 

The  d2  complex  [V(acac)3]  is  air  sensitive  so  a  fresh  sample  (packed  under  nitrogen) 

was  purchased  from  Aldrich.  A  saturated  solution  of  [V(acac)3]  in  CDC13  was  prepared  under 
an  inert  atmosphere  of  helium  using  glove  box  techniques  to  fill  sealable  5  and  10  mm  NMR 
tubec.  In  this  case,  the  CDC13  was  dried  briefly  over  P^Pj,  then  freeze-pump-thaw  degassed 
and  transferred  to  a  sealed  vial  using  vacuum  line  transfer  techniques.  This  was  performed 

principally  to  protect  the  helium  filled  glove  box  from  moisture.  However,  this  operation  was 
probably  beneficial  to  sample  integrity  given  the  known  lability  of  [V(acac)3j.  Ligand 

exchange  on  V(III)  ;s  well  known  and  equimolar  mixtures  of  [V(acac)3]  and 

hexafluoroacetylacetone  give  complex  'H  NMR  spectra  due  to  the  presence  of  all  the 

[  V(acac)3_1(hfacac)x  ]  species.  Another  feature  of  the  chemistry  of  unsymmetrical  V(II1) 
acetylacetonates  is  fairly  rapid  cis  <— •  irans  interconversion,  which  appears  to  occur  via 
ligand  dissociation. 


The  *H  NMR  spectrum  of  a  helium  protected  sample  of  [V(acac)3]  in  a  10  mm  Young 
valve  sealed  tube  displayed  just  the  two  expected  ligand  resonances  at  +45.3  ppm  (-CHj)  and 
+39.7  ppm  (3 -HC<)  for  T  =  303K.  The  observed  *H  chemical  shifts  compare  well  with  the 
values  of  +45.7  ppm  (CHj)  and  +40.1  ppm  (3-H-C<)  reported  by  Eaton.18  However, 
Doddrell  and  Gregson1^  reported  somewhat  different  values  of  +50  ppm  ( CH 3)  and  +45  ppm 
(3 -H-C<)  vs  Internal  TMS,  presumably  obtained  at  a  lower  temperature. 

Some  minor  peaks  due  to  free  ligand  also  were  observed  at  +2.03  ppm  (CHj  and  +5.48 
ppm  (3 -H-C<)  as  well  as  an  unidentified  species  at  +15.5  ppm.  However,  there  was  also  a 
large  peak  at  +2.3  ppm  whose  width  (104  Hz)  suggested  that  it  might  ari  *.  from  a 
paramagnetic  complex,  though  its  chemical  shift  was  that  of  a  diamagnetic  species.  However, 
there  was  no  evidence  for  a  corresponding  impurity  in  the  sample  so  it  is  reasonable  to 
assign  this  'H  impurity  to  Hfi  in  the  Aldrich  sample,  broadened  and  shifted  by  exchange  on 
V(1II).  The  consequences  of  this  are  not  severe  since  the  aeac"  ligand  itself  appears  to  be  in 
the  slow  exchange  region  (diamagnetic  free  ligand  peaks  are  apparent).  Therefore,  the 
chemical  shifts  will  be  dominated  by  the  paramagnetic  V(I1I)  site. 

These  observations  left  some  doubt  about  the  usefulness  of  the  Aldrich  sample  of  this 
complex.  However,  the  'H  decoupled  NMR  spectrum  obtained  in  a  Yeung  valve  sealed  10 

mm  tube  under  helium  contained  only  the  expected  number  of  resonances:  +1085  ppm 
(>  .-O),  +55.8  ppm  (3-H£<)  and  -216.1  ppm  (-£Hj).  A  coupled  ,JC  spectrum  also  was 
obtained  (>100,000  scans)  at  T  -  303K.  This  clearly  revealed  the  7q.}  coupling  of  the  methyl 
resonance  at  -217.1  ppm  (ave.)  and  the  methine  resonance  at  +54.6  ppm  (ave.)  with  the 
carbonyl  resonance  remaining  as  a  singlet  at  +1093  ppm.  The  small  discrepancies  are  due  to 
differences  in  sample  temperature  due  to  sample  heating  by  the  'H  decoupler. 

NMR  Spectra  Of  [  Cr(acac)j  ] 

The  d3  complex  [Cr(acac)3]  is  often  used  as  an  NMR  shift  reagent  due  to  its  long  7,e 
value.  No  difficulty  was  experienced  with  the  ’H  NMR  spectrum  but  it  is  easy  to  appreciate 
the  difficulty  of  the  previous  workers  in  finding  the  >C-H  resonance.  The  resonances  are  so 
broad  in  this  case  that  they  overlap.  The  apparent  peak  positions  are  -CW3  =  +39.6  ppr.i 
(lit.  +40.2)  and  >C-H  =  +29.3  ppm  (no  lit.  value).  Since  Doddrell  and  Gregson  used  a  CW 
mode  spectrometer  for  their  *H  spectra  they  would  have  been  hard  pressed  to  discern  the 
broad,  overlapping  resonances  as  separate  peaks. ^ 


The  NMR  spectrum  was  found  to  be  extremely  broad  in  this  case  and  no  resonances 
could  be  identified  with  certainty.  While  Spin-Echo  techniques  have  not  yet  been  attempted  it 
may  well  prove  to  be  impossible  to  obtain  NMR  spectra  of  this  complex  sc  little  can  be 
learnt  about  spin  distribution  in  the  ligand  framework  from  NMR  data  in  this  case. 

NMR  Spectra  Of  [  Mn(acac)j  ] 

The  d4  complex  [Mn(acac)3]  has  a  favorable  Tle  value  and  all  three  as  well  as  the 
’H  resonances  have  been  reported.^  The  *H  NMR  spectrum  of  [Mn(acac)3]  gave  resonance 
positions  which  agreed  well  with  the  literature  values;  -C/f3  =  +24.8  ppm  (lit.  +25.2)  and 
>C-H  =  +18.0  ppm  (lit.  +18.1)  vs  internal  TMS.  There  were  a  number  of  low  intensity 
peaks  present  in  the  !H  NMR  spectrum  attributable  to  free  ligand.  As  well,  there  is  evidence 
of  the  resulting  paramagnetic  Mn(acac)2  hydrolysis  product  with  low  intensity  peaks  near  +30 
and  +15.5  ppm.  However,  tht  bulk  of  the  sample  is  clearly  [Mn(acac)3], 

The  'H  decoupled  NMR  spectrum  of  this  sample  of  [Mn(acac)3]  gave  shift  values  of 

+66.7  ppm  (-<2^3).  +507.4  ppm  (H-£<)  and  +1142  ppm  (>£=0)  vs  External  TMS  (Internal 
TMS  =  +0.005  ppm)  at  T  =  303K.  In  order  to  confirm  the  assignments  another  spectrum  was 
obtained  without  'H  decoupling.  In  this  case  the  temperature  was  unknown  (T  <  303k.)  due 
to  breakage  of  the  thermocouple.  The  resonances  were  shifted  somewhat  further  from  the 
diamagnetic  values  ( cf  [Rh(acac)3]  in  Table  IV)  due  to  higher  magnetic  susceptibility  of  the 
sample  at  the  lower  probe  temperature.  Although  there  was  significant  paramagnetic 
broadening,  the  coupling  was  discernible  on  both  the  1,5-methyl  (+69.5  ppm)  and 

3-H-<2<  (+531  ppm)  resonances  while  ;he  2,4->£=0  (+1205  ppm)  resonance  had  a  single 
Lorentzian  lineshape.  Except  for  the  methyl  resonance,  the  values  differ  markedly  from  those 
reported  by  Doddrell  and  Gregson;  +6J.0  (-£H3),  +395.7  (3-H-£<)  and  -293.5  (>C=0) 
ppm  vs  Internal  TMS.^  Presumably,  their  data  for  the  3-H ~Q<  and  2,4-><2=0  resonances 
are  in  error  due  to  foldover  aliases.  An  upper  spectral  limit  of  ~  425  -  450  ppm  in  the 
previous  work  would  account  for  their  reported  shift  'values. 

NMR  Spectra  Of  [Fe(acac)3  ] 

The  d*  complex  [Fe(acac'3]  was  fairly  readily  observed  by  !H  NMR  spectroscopy  since 
the  linewidths  were  not  excessive.  The  observed  resonance  positions  agreed  fairly  well  with  the 
literature  values;  -CW3  =  +21.3  ppm  (lit.  +21.8)  and  >C-H  =  -29.2  ppm  (lit.  -27.4)  vs 
internal  TMS.  The  small  discrepancies  almost  certainly  arise  from  differences  in  sample 
temperature. 


While  the  'H  NMR  spectrum  of  this  d3  high-spin  complex  was  easily  obtained  tiie  1JC 
NMR  spectrum  proved  to  be  very  elusive.  Only  one,  broad  l3C  resonance  at  +598  ppm  has 
been  observed  to  date.  Individual  spectra  of  1656  ppm  sweep  width  (the  max'm  with  the 
internal  digitizer)  have  been  obtained  over  the  range  +2146  to  -930  ppm  without  identifying 
any  other  features  which  could  be  attributed  to  the  missing  resonances.  Huge  sweep  width 
spectra  (5500  ppm)  were  obtained  using  the  fast  digitizer  mode  on  the  Broker  300  MSI. 
spectrometer  (2048  points  max'm,  -'-30000  scans  max’m).  However,  these  did  not  reveal 
anything  definitive  owing  to  inadequate  signal/noise  ratio  after  only  20000  -  30000  scans.  It 
appears  that  the  paramagnetic  broadening  in  this  case  is  just  too  large  to  obtain  all  the 
chemical  shifts  by  conventional  pulled  FT  experiments.  Doddrell  and  Gregson  reported  a 
single  resonance  at  +279.3  ppm  (assigned  to  £H3^  for  this  complex.1 9  Presumably  this 
observation  was  also  a  foldover  alias  from  use  of  an  insufficient  sweep  width.  The  previous 
assignment  of  this  resonance  to  the  methyl  carbon  is  open  to  question. 

NMR  Spectra  Of  [Ru(acac)j] 

The  low-spin,  d5  complex  [Ru(acac)3]  displayed  quite  narrow  NMR  lines  with  *H 
resonances  at  —5.51  ppm  (~C//3)  and  -30.5  ppm  (3 -f£-C<)  in  agreement  with  literature 
values. '8,19  7he  l.i^  spectrum  yielded  just  the  expected  three  lines  at  -23  9  ppm  (-GHj). 
+138.3  ppm  (>£-0)  and  +315.0  (3-H-£<),  the  Latter  being  a  doublet  in  'H  coupled  spectra. 
The  assignments  of  the  latter  pair  are  the  reverse  of  those  reported  by  Doddrell  and 
Gregson.  *9  Their  instrument  probably  larked  sufficient  sensitivity  to  distinguish  these  correctly. 
Unfortunately,  much  of  their  interpretation  of  the  shifts  and  linewidihs  of  [Ru(acac)3]  is 
invalidated  by  this  incorrect  alignment  so  a  full  analysis  of  this  case  is  presenied  ■e  <-'e 
following  section. 


TABLE  IV 

!H  and  NMR  Chemical  Shifts  And  Linewidths 
For  M(acac)j  Complexes  vs  TMS  Near  Room  Temperature 


Metal 

>C=0 

3-H  £< 

-£h3 

3-HC  < 

-cy. 

Rhflll) 

r,  ppm  a 

>188.7 

>993 

>26.6 

+5.49 

+2.16 

(drj.Hz) 

(<8) 

(<8) 

Ru(IiI) 

»,  ppm 

>138.3 

>315.0 

-23.9 

-30.5 

-5.51 

Urj.Hi) 

(78) 

(229) 

(U) 

(in) 

(36) 

Fe(III) 

r,  ppm 

b 

>598  c 

b 

-29.3 

>21.2 

(drj.Hz) 

(4030) 

(2200) 

(1200) 

Mn(III) 

»,  ppm 

>tl42 

♦507.4 

+66.7 

>18.0 

>24.8 

(dr*,Hz) 

4 

(336) 

(809) 

(100) 

(143) 

(102) 

Cr(III) 

r ,  ppm 

b 

b 

6 

♦  28.3 

>39.6 

(d* j ,Hz) 

(-4000) 

(-4000) 

V(  T 11 ) 

»,  ppm  e’d 

♦  1085 

♦55  8 

-216.1 

♦41.1 

+47.0 

(dr  *,HX) 

(65) 

(63) 

e:  Diamagnetic  Fcfrrence  Complex  (similar  thifts  to  Co(acac)3) 
r,  Unobservable  In  present  *ork,  Spin-Echo  measurements  required 
i.  Tentative  awignmenu  from  Incomplete  %ork 


d  Impurity  prese,,i  'n  ;<eak  at  «2  31  ppm  (Ar  j 


104  H/> 


TABLE  V 

Selected  Literature  Data  For 
!H  and  NMR  Chemical  Shifts  And  Linewidths 
For  M(acac)3  Complexes  vs  TMS  Near  Room  Temperature  a 


Metal 

d" 

3 -HC<  Sv 

(ppm)  (Hz) 

-cw3 

(ppm) 

(Hz) 

Ti(IIl)  b 

1 

+32.2 

+55.5 

140 

Ti(III) 

1 

— 

-+55 

2000,  4300  c 

V(III). 

2 

+40.1 

+45.7 

25,  45  c 

Cr(III) 

3 

— 

+38.7 

1000,  1400  c 

Mn(III) 

4 

+18. 1 

+25.1 

100,  95  c 

Fe(UI) 

5 

-27.4 

+20.7 

800,  920  ^ 

Co(III) 

6 

+5.52 

+2.22 

Mo(lII) 

3 

♦33.3 

+124.1 

200,  310  c 

Ru(Hl) 

5 

-29  5 

-5.4 

100,  34  c 

Rh(III) 

b 

♦  5.47 

+2.13 

a  Data  obtained  at  60  MHz  unless  noted  otherwise 
/>  'I!  data,  theoretical  Ar^Arp  *  42  5 
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Analysis  Of  Isotropic  Paramagnetic  Shifts  For  [M(acac)j]  Complexes 

The  paramagnetic  shifts  of  the  [M(acac)3]  complexes  derive  from  both  Fermi  contact 
and  Dipolar  magnetic  coupling  terms.  For  axially  symmetric  complexes  and  7le  <<  rc  these 
shifts  are  given  as  folio*.'*: 

FERMI  CONTACT  SHIFTS: 

•  AH  icon  _  pS,(S,  +  j)  where, 

-  =  -  («,,  A  +  2  ii  B)  A  *  i  aN  g,,. 

H  9  A  ys  kT  B  =  J  aN  g^ 

S'  is  the  effective  spin  (L  +  S)  and  aN  is  the  electron-nucleus  hyperfine  coupling  constant. 
For  a  spin-only  state,  no  ZFS  and  an  isotropic  g  tensor,  (g,|  =  gj_,  g^,,  =  g^  =  2). 

DIPOLAR  COUPLING  SHIFTS: 

'  AH  idiP  02S'(S'  ♦  1) 

-  3  -  (1  ~  3co»Jf)(gtlJ  -  gx2) 

H  9  kT  r> 

These  expressions  become  a  little  more  complex  when  other  terms  are  included  but  the 
forms  given  above  are  adequate  for  illustrating  the  general  features  of  the  effect  of  unpaired 
electrons  on  the  chemical  shifts  of  ligand  nuclei.  Both  the  Fermi  contact  and  Dipolar  terms 
increase  as  A’(^'  +  1)  for  inceasing  numbers  of  unpaired  electrons  on  the  metal.  Furthermore, 
both  contributions  are  dependent  on  the  g-value  anisotropy,  though  only  the  Dipolar  case  can 
become  zero.  The  relative  contributions  from  these  terms  will  vary  with  the  d-electron 
configuration,  deviations  from  octahedral  symmetry  and  the  relative  energies  of  the  metal  and 
ligand  HOMOs  and  LUMOs. 

LINE  WIDTHS: 


1 

■  4 y2ghl2S{S  ♦  1)  1 

V 

8*25(S  >1) 

T: 

re  + 

3  r*  J 

.  A* 

3 

DIPOLAR  FERMI  CONTACT 


where  At  are  the  hyperfine  coupling  constants,  rc  is  the  molecular  correlation  lime  and  rt  is 
the  electron  spin  relaxation  time.  The  Dipolar  broadening  falls  off  rapidly  with  distance  while 
the  Fermi  contact  broadening  is  proportional  to  the  square  of  the  hyperfine  coupling  constant 


and,  hence,  the  square  of  the  paramagnetic  shift.  Thus,  it  is  useful  to  compare  the  ratios  of 
linewidths  for  contiguous  carbon  and  proton  nuclei  to  determine  which  mechanism 
predominates. 

Isotropic  Paramagnetic  Shifts  In  [Ru(acac)3] 

The  c.tta  in  Table  VI  summarize  the  paramagnetic  shifts  which  result  from  the  Fermi 
contact  and  Dipolar  contributions  above.  The  latter  would  diminish  to  zero  if  there  were  no 
magnetic  anisotropy  in  this  low-spin  d5  Ru(III)  complex.  However,  a  magnetically  dilute  single 
crystal  EPR  study  by  Jarrett  has  shown  three  principal  g-aalues  (1.28,  1.74  and  2.82)  so  that 
the  Dipolar  contributions  to  the  iostropic  shifts  will  not  average  to  zero.21 
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Figure  31 

A  similar  study  by  Gregson  and  Mitra,  using  single  crystal  magnetic  susceptibility,  gave 
g-values  in  the  range  1.5  -  2. 5, 22  which  fits  in  better  with  frozen  solution  EPR 
measurements  at  N.R.L.  This  confirms  that  the  Di  ligand  field  successfully  removes  the 
ground  state  degeneracy  and  it  must  also  be  acknowledged  that  spin-orbit  coupling  will  further 
split  the  states: 

Crystal  Field  Splitting  +  i/\,  ^E  states 

Spin-Orbit  Coupling  (X  -  -!2(X>  cm*1)  *  closely  spaced  manifold 

The  consequence  of  such  a  manifold  of  thermally  populated  levels  is  a  facile  means  for  rapid 
T,  electron-spin  relaxation  which  results  In  narrow  NMR  lines  and  relatively  broad  EPR 
signals,  as  observed  experimentally  The  magnetic  anisotropy  was  used  by  Doddrell  and 
Gregson  to  calculate  the  Dqxdar  shifts  in  [Ru(acac)j]  assuming  the  principal  magnetic  axis 
coincided  with  the  3-fold  symmetry  axis.1'''  These  corrections  to  the  isotropic  NMR  shifts  (see 


TABLE  VI 

Comparision  Of  NMR  Spectra  For 
[Rh(acac)3]  and  [Ru(acac)3]  In  CDC13 


Nuclei 

[  Rh(acac)3  ] 
i  (ppm) 

[Ru(acac)3  ] 

6  (ppm) 

A  Shift 

(ppm) 

!H:  a 

'  -ch3 

+2.16 

-5.51 

-7.67 

>C-H 

+5.49 

-30.5 

-35.99 

LX3:  (!H  coupled)  * 

-CH3  . 

+26.6  (av) 

-23.9  (av) 

-50.5 

0 

ii 

u 

A 

+  188.7 

+138.3 

-50.4 

X 

i 

u 

A 

+  99.3  (av) 

+315.0  (av) 

+  215.7 

a:  !H  chemical  shifts  vj  TMS 

b.  °C  chemical  shifts  vs  Internal  CDClj  at  77.00  ppm 


Table  VII)  are,  however,  relatively  small  so  that  the  bulk  of  the  shift  is  due  to  partial 
delocalization  of  metal  spin  density  onto  the  acac"  ligands. 


The  metal  spin  for  a  d5  ion  will  tend  to  allign  parallel  to  the  applied  field  in  the  NMR 

experiment  so  that  for  net  Ligand-to-Metal  charge  transfer  (Fig. 31)  in  the  expected  dx-p* 

bonding  arrangement,  (+)  spin  density  should  appear  at  the  oxygen  nuclei  and  alternating  signs 
for  adjacent  atoms  in  the  x-system  of  the  pseudo-aromatic  acac"  ligand.  Negative  spin  density 
at  the  >C=0  13C  nuclei  would  predict  a  lower  average  local  field  and,  thus,  a  lower 

resonance  frequency  as  observed  experimentally  (Table  VI).  {Note  that  such  shifts  are  denoted 
curiously  as  "High  Field"  shifts  since  a  higher  external  field  would  be  required  to  bring  the 
transition  into  resonance  in  the  original  fixed  frequency,  swept  field  NMR  instruments.) 
Furthermore,  the  contiguous  *H  and  nuclei  at  the  >CH  position  display  opposite  shifts  as 
expected  for  <j-xI  electron  correlation.  The  observation  of  large  contact  shifts  at  this  ring 

position  is  the  reason  behind  the  companion  study  of  the  3-formyl  derivative.  It  was  hoped 
that  the  NMR  shifts  would  provide  direct  evidence  for  metal  spin  and  electron  density  at  this 
substituent  site  which  ha*  been  found  to  serve  as  an  efficient  bridging  ligand  in  electron 
transfer  reactions  (using  the  t*  orbital). 


Sign  Of  Predicted 
Spin  Density 
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Figure  32 


The  methyl  L1C  and  'H  resonances  are  found  to  follow  the  same  shift  direction  as  the 
ring  'V:  nucleus  which  might  reasonably  be  ascribed  to  a  hyperconjugation  mechanism 
involving  s -p  mixing  in  order  to  create  the  same  sign  of  spin  density  at  the  methyl  C  and  H 
nuclei.  In  reality,  there  are  probably  competing  <y  and  r  mechanisms  involved  and  the 
companion  studies  for  the  first  transition  series  metals  have  revealed  that  the  methyl  shifts 
can  go  either  way. 


Analysis  Of  Lincwidths  For  and  l3C  NMR  Spectra  Of  [Ru(acac)j  ] 


Although  Doddrel!  and  Gregson  used  incorrect  assignments  for  the  resonances  in  their 
[M(acac)j]  NMR  studies,  their  work  is  valuable  for  pointing  out  some  simple  linewidth  criteria 
for  confirming  the  Fermi-contact  nature  of  the  isotropic  shifts  in  these  species,  including 
[  Ru(acac)3  ].  These  authors  preserved  the  following  simplified  forms  of  the 
Solomon-Bloembergen  lir.ewidth  functions  for  the  limiting  cases  of  only  Dipolar  broadening 
(DD)  and  only  Hyperfine  broadening  (HF): 


(a^)DD 


(«•  0*  7n)2 
15»  r6 


5(5+1) 


7re  + 


1  +  u,^.2 


where,  r  =  metal-nucleus  distance  and  rc  =  electron-nuclear  interaction  time  (related  to  rr) 


1  .  ' 

*N2 

T. 

t]  (drj)W 

II 

5(5+1 ) 

3x  *2 

1  +  «,2r,2 

where,  aN  =  -[  31c T  y^y,  5(5+1)]  <rcooN  and  rg  “  correlation  time  for  hyperfine  coupling 
(electron  spin  relaxation  time).  Note  the  relationship,  l/rc  =  l/rg  +  !/rr. 

The  linewidth  ratio*  for  contiguous  'H  and  ^  nuclei  are  readily  obtained  from  the 
equations  above  in  the  two  limits: 


(d.pc00 

7c2 

'H6 

Th2 

'c6 

(d,i)cHF 

7c2 

Q 

*cooC 

(dr  j)h!IF 

X 

1 

a  H 

coo 

where,  (yjyn)2  77  0  063.  The  tesults  of  these  calculations  are  summarized  in  Table  VII  for 
the  two  limiting  cases.  It  is  interesting  to  note  that  while  the  isotropic  shifts  of  both  the 
methine  H-C<  group  and  methyl  HjC-  group  appear  to  be  dominated  by  contact  interactions 
the  linewidth  ratios  suggest  that  the  methyl  resonances  sre  predominantly  affected  by  dipoiar 
broadening.  This  may  well  indicate  that  the  Dipolar  correction  terms  for  the  Isotropic  shifts  in 
Table  VII  are  grovsly  underestimated.  However,  the  ring  methine  H~C<  resonances  do  behave 
in  the  expected  manner  for  a  predominantly  hyperfine  contact  interaction  at  the  3-C  position. 


TABLE  VII 

Paramagnetic  Shifts  And  Linewidths 
For  [  R  i(acac)3  ]  In  CDCI3 


Nucleus 

C-H 

ppm 

C-H 

ppm 

ch3 

ppm 

ch3 

ppm 

^iJO 

+209.7 

-36.2 

-48.2 

-7.92 

,  a 

“dipolar 

-17.2 

-7.1 

-1.8 

-1.6 

^contact 

+226.9 

-29.1 

-46.4 

-6.32 

5Ccoo/SHcon 

00 

r-’ 

l 

+7.3 

(Hz) 

229 

111 

14 

36 

H 

(obsd)  2.1 

0.38 

(calc)00  ^  0.23 

0.22 

(calc)^  3.8 

3.4 

a:  Calculated  from  anisotropy  of  *n  and  xi  tensors 

(Doddrell  &  Gregson) 

b:  Calculated  for  M-C  distances  of  —4.2  and  —4.4  A, 

with  C-H  -  1  A 


Note  that  the  calculated  linewidth  ratios  in  Table  VII  do  not  agree  with  those  calculated 
by  Doddrell  &  Gregson  (DD  =  0.37  &  0.08.  HF  =  0.3  &  1.0  for  H-C<  and  H/>, 
respectively).*9  Their  hyperfine  calculations  are  in  error  due  to  the  misassignment  of  the 
resonances  but  they  also  calculated  their  Dipolar  ratios  to  be  very  different  from  one  another 
even  though  in  a  following  paper^O  they  quote  the  approximate  distances  used  for  the 
calculations  in  Table  VU.  There  is  no  (1  -  3cos20)  dependence  in  the  linewidth  ratio 

equations,  so  the  source  of  the  disagreement  is  unknown. 

Summary  Of  Isotropic  1 H  NMR  Shifts  For  [  M(acac)3  j  Complexes 

The  literature  is  replete  with  *H  and  2H  NMR  studies  of  the  isotropic  shifts  for 
paramagnetic  [  M(acac)3  ]  complexes  of  all  the  First  Row  and  several  Second  Row  metals  and 
that  data  is  summarized  in  Table  V.  Three  features  stand  out  in  the  literature  data. 

First,  the  isotropic  shifts  gradually  decrease  across  the  First  Row  from  Ti(III)  to  Fe(III) 
in  the  opposite  behaviour  expected  from  the  shift  equations  above.  This  has  been  interpreted 
as  a  gradual  decrease  in  the  mixing  of  metal  dx  and  ligand  px-orbitals  as  the  increasing 
nuclear  charge  affects  the  orbital  extension  and  energies  of  the  d-orbitals  across  the  First 

Transition  series.  Secondly,  a  number  of  the  metals  show  a  field  dependence  of  their  methyl 
'H  NMR  linewidths,  presumably  due  to  electric  quadrupolar  broadening  which  has  not  been 
included  in  the  linewidth  equation  above.  Thirdly,  a  change  in  sign  for  the  isotropic  shift 
occurs  for  the  3-H~C<  resonance  in  Fe(III)  which  has  a  half-filled  t^3  and  half-filled  eg2 
configuration.  In  this  case,  any  covalency  leading  to  Ligand-rMetal  charge  transfer  must  place 

Pspin  (antiparallel)  on  the  metal,  leaving  or  spin  on  the  ligating  atoms  which  will  then  cause 

alternating  /3-spin  (>£= O)  and  or-spin  (3-H-£<)  along  the  ligand  r  framework.  This  would 
be  expected  to  cause  (S— spin  (antiparallel,  shielding)  at  the  3-ff-C<  nucleus,  lowering  the 
resonance  frequency  (a  high-field  shift),  as  is  observed  experimentally.  This  would  predict, 
however,  that  the  methyl  resonance  would  also  shift  to  high  field  (hyperconjugation  with 
>C=0 )  but  this  is  not  observed.  Rather,  it  appears  that  the  o-spin  in  the  eg*  orbitals,  which 
are  oriented  along  the  bonding  axes,  causes  an  overwhelming  0-shift  to  low-field.  Note  that 
Ru(III)  behaves  according  to  expectations  since  this  is  a  low-spin  complex  (t2g5)  and  the 
0-shift  term  largely  vanishes. 


Predictions  For  13C  NMR  Shifts 


The  interpretation  of  'H  NMR  from  the  literature  leads  to  some  simple  expectations  for 
spin  density  at  the  carbon  nuclei  in  [M(acac)3]  complexes: 

(1 )  The  delocalization  pathway  for  metal  electron  and  spin  density  is  principally  a  result 

of  dx-pr  overlap  since  the  cr,  <r*  orbitals  are  too  far  removed  in  energy  from  the  metal  d* 
orbitals  for  these  to  interact  strongly.  While  both  the  t^  and  eg  orbitals  have  the  appropriate 
symmetry  to  interact  with  the  ligand  prz  and  pTz*  orbitals  the  t2g  set  has  the  most 

appropriate  spatial  orientation  for  overlap. 

(2)  For  d1  and  d2  configurations  Ligand->Metal  charge  transfer  will  probably  place  a-spin 
on  the  metal  (maximum  spin  multiplicity),  leaving  0-spin  on  the  ligand. 

(3)  For  d3  and  d4  configurations  there  is  the  possibility  of  Ligand-»Metal  0-spin  transfer 
into  the  t2g  orbitals  or  a-spin  transfer  into  the  eg*  set.  The  most  likely  event  is  or-spin  into 
the  eg*  set  with  0-spin  on  the  ligand  to  preserve  maximum  spin  multiplicity. 

(4)  For  the  high-spin  d5  case  there  is  only  one  possibility  for  Ligand-»MetaI,  0-spin 

transfer  to  the  metal  and  a-spin  on  the  ligand. 

(3)  For  any  configuration,  MetaULigand  charge  transfer  to  unfilled  t*  orbitals  will 
transfer  a-spin  to  the  ligand. 

Experimental  Comparisons  Of  13C  NMR  Isotropic  Shifts 

No  NMR  data  are  available  at  present  for  the  d1  case,  [Ti(acac)3],  but  a  ’ll 
decoupled  spectrum  has  been  obtained  for  a  sample  of  the  d2  complex,  [V(acac)3],  The 
prediction  is  for  0-spin  at  the  oxygen,  or-spin  at  >Q=0  and  0-'pin  at  3-H-£<.  This 
coiresponds  to  a  +ve  shift  at  >Q- O  (found:  +896  ppm)  and  a  -ve  shift  at  3-H ~Q<  (found: 
-43.5  ppm).  The  methyl  carbon  appears  to  be  shifted  a  long  way  to  high-field  in  this  case 
(-242.7  ppml,  which  does  not  match  with  tiie  observed  Cy3  shift  (+44.8  ppm). 

No  strong  case  can  be  made  for  d3  [Cr(acac)3]  since  the  spectrum  appears  to  be 

unobservable.  The  prediction  is  for  0-spin  at  the  oxygen  nucei,  or-spin  at  >Q=0,  0-spin  at 

3-H-£<  and  a-spin  at  3-//-C<  (+ve  shift).  The  lH  NMP.  data  display  reasonable  behaviour 
with  the  3-//-C <  resonance  shifted  +22.5  ppm.  The  C£f3  resonance  is  also  shifted  +37.4 


ppm  to  low  field  which  could  be  accounted  for  through  hyperconjugation  to  a-spin  at  >C=0. 

The  high-spin  d4  complex,  [Mn(acac)3]<  displays  large  +ve  isotropic  NMR  shifts  for  all 
the  carbon  and  proten  nuclei.  The  lack  of  alternation  in  the  signs  of  the  !:t  NMR  shifts  is 
bothersome  and  unexpected.  The  data  appear  to  be  reliable  and  no  simple  explanation  is 
apparent  and  may  reflect  the  cr — shift  of  the  e  *  electron. 

The  high-spin  d5  complex,  [Fe(acac)3],  dees  display  the  expected  behaviour  for  *H  NMR 
shift  at  the  3 -H~C<  nucleus  but  the  presence  of  eg*  electrons  appears  to  complicate  the 
behaviour  of  the  CH3  resonance.  There  is  insufficient  data  to  make  any  useful 

observations. 

The  pattern  of  isotropic  shifts  for  the  low-spin  d5  complex  [Ru(acac)j]  behaves 
according  to  expectations  since  there  are  no  eg*  electrons.  The  and  L1C  isotropic  shifts  are 
well  matched  in  sign  and  magnitude  to  expectations  for  a  predominantly  Fermi  contact 
interaction  between  the  metal  dx  and  ligand  px  orbital  systems.  This  seems  to  result  from 
direct  covalent  coupling  between  the  filled  ligand  px  and  partially  filled  metal  t2g5(x)  orbitals. 


Low-Spin  d5  Case 


Figure  33 

Analysis  Of  Experimental  Linewidths  For  Other  [  M(acac)3  ]  Complexes 

The  linewidth  analysis  for  [  Ru(acac)3  ]  presented  above  suggested  that  the  3-H-C< 
position  is  predominantly  Fermi  contact  shifted  while  the  methyl  groups  appeared  to  be 
dominated  by  Dipolar  coupling. 

However,  the  First  Row  equivalent,  [Fe(acac)3],  is  a  high-spin  d5  species  (t2g\  e,2) 
which  produces  a  more  complex  interaction  between  the  ligand  and  the  unpaired  spin  on  the 
metal.  The  population  of  the  eg*  levels  with  unpaired  spins  should  dramatically  increase  the 
n-contact  shift  component,  compared  with  [Ru(acac)3],  since  the  cg*  orbitals  are  oriented 
along  the  a-bonding  axes.  The  effect  of  eg*  electrons  on  metal-ligand  bond  lengths  is  well 


established  and  it  seems  likely  that  this  strong,  antibonding  interaction  will  lead  to  spin 

ordering  along  the  ligand  backbone.  Unfortunately,  the  7!e  for  the  6A  ground  state  of 

[  Fe(acac)3  ]  is  too  long  to  observe  all  the  NMR  resonances  which  would  test  the  effects 
of  the  M-L  spin  transfer.  The  assignment  of  the  one  observable  line  at  +598  ppm  is  by  no 
means  clear.  With  a  known,  long  re  value  [Fe(acac)3]  is  predominantly  Fermi  contact 

broadened.  Furthermore,  the  6A  ground  state  is  isotropic  so  that  Dipolar  shifts  should  be 
small.  This  resonance  could  be  assigned  to  either  the  methyl  or  3-H-C<  position  on  the 

basis  of  the  iinewidth  ratios  If  this  is  the  methyl  resonance  then  there  is  little  hope 

of  ever  observing  the  other  'AT  resonances. 

This  point  is  more  clearly  illustrated  in  the  case  of  d4  [Mn(acac)3]  since  this  is  also  a 
high-spin  species  (t3g3  eg!)  but  with  a  sufficiently  short  7le  for  observation  of  all  the  ’H  and 
resonances.  The  observed  ratios  are  5.7  for  the  3-H-C<  and  1.0  V  .  the  -CH3 

positions.  Neither  of  these  corresponds  to  expectations  for  purely  Fermi  contact  broadening. 

More  °C  NMR  data  are  required  for  further  analysis  of  the  nature  of  the  isotropic  NMR 
shifts  of  these  [M(acac)3]  complexes.  [Fe(acac)3]  and  [Cr(acac)3]  will  require  use  of  the 
Spin-Echo  NMR  technique  for  observation  of  the  rapid  Free  Induction  Decay  before  a 
meaningful  assessment  can  be  made  for  these  complexes.  Most  of  the  FID  is  probably 
occurring  before  the  start  of  data  acquisition  using  the  conventional  90 ’  pulse  experiment. 

Analysis  Of  Isotropic  ?aramagnetic  Shifts  In  [Ru(3-CHO-acac)(acac)2  ] 


While  no  independent  measu'ement  is  available  yet  for  the  magnetic  anisotopy  of  the 

formyiated  derivatives,  the  frozen  solution  EPR  spectra  suggest  that  the  principal  g-values  span 
a  relatively  narrow  range  (2.1  -  2.5)  so  that  once  again  the  Dipolar  contributions  to  the 
observed  NMR  shifts  would  be  small.  Assuming  this  to  be  the  case  the  shifts  in  Table  VIII 
reveal  several  points  of  interest.  First,  the  resonances  of  the  unsubstituted  ligands  retain  the 
same  sign  of  paramagnetic  shift  though  the  magnitude  is  higher,  except  for  the  methyl  PC 
resonances.  Secondly,  while  the  magnitudes  of  the  shifts  for  corresponding  resonances  are 

roughly  the  same  for  the  formyiated  ligand,  the  signs  do  not  alternate  as  expected  for  a 
»-system.  Thirdly,  the  paramagnetic  shifts  of  the  formyl  substituent  are  relatively  small,  even 
though  the  contiguous  ring  carbon  has  a  large  spin  density.  The  tatter  observation  suggests 

that  the  formyl  substituent  is  not  well  conjugated  with  the  ring  wt  system.  A  plausible 

explanation  for  this  could  be  free  or  restricted  rotation  of  the  formyl  group,  a  necessity  for 
magnetic  equivalence  of  the  methyl  groups. 


TABLE  VIII 

*H  And  13C  NMR  Assignments  For 
Rh(3-CHO-acac)(acac)2  and  Ru(3-CHO-acac)(acac)2 


In  CDC13 

At  T  =  298  K 

Nuclei 

Rh(III) 

5  (ppm) 

Ru(III) 

5  (ppm) 

4  Shift 

(ppm) 

>H: 

-ch3 

+  2.15 

-13.01 

-15.16 

-ch3 

+2.15 

-10.30 

-12.45 

-CH3(f) 

+2.61 

+7.47 

+  4.86 

C=C-H(f) 

+10.14 

+12.89 

+2.75 

>C-H 

+5.50 

-46.7 

-52.2 

“C:  (>H  coupled) 

-ch3 

+  26.44  (av) 

-20.23  (av) 

-46.67 

-ch3 

+26.44  (av) 

-9.94  (av) 

-36.38 

-CH3(f) 

+28.40  (av) 

+1.87  (av) 

-26.53 

>c=o 

+189.0 

-26.48 

-215.5 

>c=o 

+  189.0 

+57.52 

-131.5 

>C=0(f) 

+196.8 

+338.2 

+141.4 

0=C-H(f) 

+190.3  (av) 

+  206.8  (av) 

+16.5 

>C-formyl 

+  115.5 

+  320.4 

+204.9 

>C-H 

+99.4  (av) 

+  370.9  (av) 

+271.5 

One  further  cause  for  concern  is  the  possible  Dipolar  shift  of  the  3-formyl-C<  nucleus 
caused  by  the  formyl  >00  group  itself.  This  term  is  probably  only  partly  responsible  far 

the  observed  chemical  snift  difference  between  the  3-formyl-C<  and  3-H-C<  nuclei.  The 
largest  effect  will  probably  result  from  the  electron  withdrawing  nature  of  the  formyl 

‘../'Vutuent.  The  monoformyl  complex  is  easier  to  reduce  electrochemicaily  by  M3 . 1 2  Vol  s 

...•n.  pa  ted  with  [  Ruiacac  )3  ]  Presumably,  the  formylated  and  unsubstituted  ligands  have  quite 
an  appreciably  different  px-d*  bonding  arrangement  tesulting  in  differences  in  the  extent  of 
metal  electron  and  spin  density  in  the  ligand  »  systems.  It  is  the  differences  in  the  relative 

energies  of  the  x-dcnat>ng  and  i*-acceptmg  levels  of  the  ligands  which  result  in  the  magnetic 
anisotropies  responsible  for  the  observed  chemical  shit;  differences  between  the  two  types  of 
ligands. 

Comparisons  With  The  Isotropic  Shifts  Of  [Ru(3-Me-acac)$  ] 

A  sensitive  test  of  the  extent  of  »,  interaction  with  the  ring  was  obtained  from  the  *H 
md  v<'.  N\IR  spectra  of  the  3-methyl  den  ative.  This  species  was  prepared  from  the  free 
ugind  (l-ancaster  Synthesis)  and  RuOjJH/)  (Aldrich)  in  a  similar  manner  to  that  described 

!  r  f  Ru(.icac)j  ]  I  After  recrystallization  from  CHCly'n-heptane  the  complex  was  almost  pure 
and  only  some  very  minor  impurity  peaks  were  observed  in  the  'H  NMR  spectrum  (Fig  34). 
The  chemical  shifts  of  *55  VS  ppm  (3-Cffj)  and  -9.27  ppm  (Cffj)  demonstrated  that  the 
'■<  <  position  was,  as  usual,  a  large  center  of  spin  density  Furthermore,  the  sign  of  shift 
I-'  the  l-f/j,  nucleus  was  opposite  that  for  the  3-tf  nucleus  of  (Ru(acac)j],  the  correct 
pic. in.  lion  (o’  a  thange  from  ir-xf  electron  correlation  to  hyperconjugation  on  methylation 

i  here f me ,  i.  was  a  great  surprise  to  find  that  the  3~£Hj  resonance  displayed  a  -ve  shift 
M  p  s b ),  (he  opposite  of  that  predicted  hy  hyperconjugation.  This  proves  that  the  spin  transfer 
,ne i  h  i uisin  to  the  3-methyl  group  occurs  via  <r-x  electron  correlation  (alternating  signs 
tin  ih  each  bird)  aril  substantially  weakens  the  theoretical  prediction*  for  hyperconjugation 
•  :f  methyl  gionps  attached  to  aromatic  like  rings, 

I  bus,  t fie  la;  k  of  any  Mgnifira't  paramagnetic  shifts  for  the  3  formyl  group  tn  the 
(  Rn(  t  (IK)  aiar  ),(acac  )V(t  ]  senes  r,  i  strong  indication  that  this  substituent  only  interacts 
wuh  the  at  ac '  ligand  in  a  -i  bonding  ashion.  If  the  formyl  group  it  prol\»bly  ranted  out  of 
the  plane  of  the  at  ac  '  ring  disallowing  any  n-tt  electron  correlation  Thu*,  the  kinetic 
t'  hiviour  of  tins  r niiipir »  with  T iff II )  ion  must  b*  seen  to  be  extraordinary  This  open*  up 

new  iiirilnimim  . jur •. i >- .ns  at«>ut  '.he  n.le  of  hrmsf  group  in  inner-sphere  electron  transfer 

trillions  with  rnrt.il  a. pi*  complex  ions 
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SOLUTION  KINETICS  AND  MECHANISMS 


Part  VII 


The  Role  Of  Interfacial  trfectrochemistry  In  The  Suppression 
Of  I  MI  From  Metal-Oride-Meial  "Rusty-Bolt**  Junctions 


Intermodulation  interference  (IMI)  is  a  serious  '■aa-se  of  communications  problems  onboard 
Navy  ships.  The  sites  of  this  self-generated  interference  are  predominantly  the  partially 

conductive  junctions  formed  between  pieces  of  bare  metal,  which  in  most  cases  are  steel 
junctions.  Such  junctions  have  nonlinear  I-V  characteristics  from  D.C.  through  to  R.F. 

frequencies.  The  production  of  IMI  products  from  these  junctions  requires  them  to  pass  R.F. 
current  and  many  such  junctions  are  available  onboard  Navy  ships  to  be  excited  by  the 

powerful  communications  transmitters.  At  some  locations  these  junctions  are  coupled  to 
unintended  bat  effective  natural  antennas  and  these  form  the  bulk  of  the  IMI  problems. 

The  suppression  of  IMI  products  from  "noisy"  junctions  can  be  effected  in  a  number  of 
ways.  In  some  cases  it  may  be  possible  to  decouple  the  junction  from  its  natural  antenna. 

Alternatively,  the  junction  area  may  be  electrically  bypassed  with  a  ground  strap.  In  many 
instances  these  methods  are  not  applicaole  and  chemical  treatments  are  being  developed  to 

modify  the  electrical  properties  of  the  junctions.  The  two  basic  methods  which  can  be  applied 
are  (1)  to  cause  additional  corrosior  in  order  to  make  the  junction  open  circuit  or  (2)  to 
modify  the  surface  oxides  in  the  junction  to  form  a  linear,  closed  circuit  path  for  R.F. 

current.  Neither  of  these  is  easy  to  accomplish  in  a  controlled  fashion  so  that  it  is  vital  to 

understand  the  basic  chemistry  in  the  interface  between  the  metal  contaclj.  A  detailed  account 
of  die  interfacial  electrochemistry  of  Fe-O-Fe  junctions  is  described  below  and  experimental 
w-ork  based  these  design  criteria  is  in  progress  at  N.R.L. 

On  The  Origin  Of  Nonlinearity  In  Fe-O-Fe  Junctions 

The  surfaces  of  even  freshly  polished  metal  rapidly  adsorb  oxygen  from  the  air  and 

further  contaminants  are  likely  to  be  introduced  during  rinsing  and  wiping.  However,  the 
junction  brrwrrn  two  piece*  of  such  very  lightly  oxidized  steel  can  b«  considered  to  conform 
to  the  formulation  FeO  or  Fe(OM)j  in  humid  or  moist  conditions.  The  oxide  form  is  known 
to  '*•  non  Sion  hiomrtric  being  approximately  lcO.)95  so  that  it  will  have  an  excess  of  holes, 
re,  a  p  ly/ w  trmn on.fiietor.  The  degree  of  hydration  of  such  dry  "Rusty-Bolts"  may. 


therefore,  affect  the  hole-carrier  density  in  the  semiconducting  layer.  In  laboratory  tests,  the 
degree  of  nonlinearity  is  adjusted  by  mechanical  pressure  to  lie  within  a  narrow  range  which 
is  amenable  to  study.  Each  of  the  metai-to-semiconductor  interfaces  in  the  Fe-O-Fe  junction 
is  expected  to  display  exponential  I-V  curves  according  to  the  Butler-Volmer  equation :23,24 

I  .  =  <  r  a -on/ r;  _  e'i-a)n/rj  s 

oos  o  L  • 

where,  i0  =  the  exchange  current  density  in  the  semiconductor 

a  =  0.5  (assuming  a  symmetrical  activation  barrier  to  charge  transfer) 
n  =  number  of  electrons  in  the  rate  determining  step 
/  =  F/RT  =  38.92,  V'1  at  298K 

17  =  activation  overpotential,  V  (or  ( E  -  E^]  where  Eeq  =  Fermi  level) 

The  resulting  hyperbolic  sine  function  for  charge  transfer  across  each  interface  is  depicted  in 

Figure  36  for  5  values  of  the  exchange  current  density  (t0  =  IE-6 . IE-2)  plotted  on  a 

scale  of  si  mA.  Although  each  of  these  curves  is  equally  non-linear  (they  differ  only  by  a 
scale  factor),  the  apparent  linearity  for  small  currents  across  the  interface  is  greatly  improved 
with  increasing  exchange  current  density,  i.e.  the  junction  appears  to  be  most  nonlinear  when 
the  current  demand  exceeds  the  current  supply  in  the  semiconducting  layer. 

The  experimental  I-V  curves  for  the  Fe-O-Fe  type  junctions  closely  resemble  those 
predicted  by  the  simple  Butler-Volmer  equation  above,  which  formally  applies  only  to  a  single 
interface  where  mass  transport  (for  systems  requiring  Faradaic  oxidation-reduc.ion  or 
solid-state  ion  migration)  is  not  a  limiting  factor.  When  such  factors  do  limit  the  charge 
transfer  across  the  interface  then  the  general  1-1 j  equation  will  describe  the  behaviour  of  each 
interface 

'oh,  =  ‘o  [  c„(0.tyc£  e-Wi  -  c,jo.tycr;d  el'-Mfr,  j 

whne,  C()*  3  bulk  concentration  of  the  oxidired  species 

Cttil  -  hulk  concentration  of  the  reduced  species 

(■<>*(0.1 )  3  surface  concentration  of  the  oxidised  species  vs  time 

*  surface  ct  icentration  of  the  reduced  species  vs  time 

The  concentration  ratio  terms  limit  the  maximum  current  producing  characteristic  "S -shaped" 
plateau  curves  from  the  modified  Butler-Volmer  equation.  The  concentration  terms  could 

equally  apply  to  species  diffusing  to  the  metal  surface  to  undergo  Faradaic  redox  reactions  or 


Overpotential  (V) 


to  ions  migrating  through  the  oxide  layer  under  the  influence  of  the  extremely  high  field 
gradient  in  the  junction  (MO6  V  cm*1).  Obviously,  the  general  i-ij  curve  must  be  solved 

numerically  since  the  surface  concentrations  are  time  dependent.  However,  such  "diffusion 
limited"  1-V  curves  are  observed  occasionally  during  setup  of  the  Fe-O-Fe  junctions. 

Thus,  there  is  a  good  physical  and  chemical  basis  for  the  nonlinear  1-V  properties 
exhibited  by  these  Fe-O-Fe  junctions.  Naturally,  the  type  and  thickness  of  the  oxide  layer 
between  the  metal  contacts  is  critical  in  determining  the  electronic  behaviour  of  the 
"Rusty-Bolt"  junction.  Owing  to  the  technological  interest  in  the  passivation  and  corrosion  of 
metal  surfaces  there  is  a  vast  electrochemical  literature  on  the  nature  of  Film  growth  on 

metals  including  the  chemical  composition,  thickness  and  conductivity  of  such  films.  Some  of 
these  investigations  will  be  discussed  below  in  relation  to  the  electrical  "shorting"  effect 

observed  for  ethylene  glycol  solutions  containing  small  amounts  of  water. 

On  The  Interfacial  Electrochemistry  Of  Iron  Surfaces 

The  electrochemical  literature  is  replete  with  coulometric,  ellipsometric  and  LEED  studies 
on  the  nature  of  oxide  Film  growth  on  iron  surfaces  in  near  neutral  water  solutions. 25-30 
Some  studies  suggest  that  magnetite  [Fe204  :  2xFe(UJ),  lxFe(Il)]  is  formed  First  as  a  single 

unit  cell  layer  before  further  oxidation  to  haemetitt,  y-FePj  [Feflll)  only].  Others  suggest 
that  Fe(OH)2  and  not  magnetite  is  the  species  formed  initially.  There  is  no  dispute  that  the 
final  passive  layer  formed  by  electrochemical  oxidation  is  y-FePj  and  subsequent  reduction  of 
this  film  occurs  in  two  distinct  steps.  The  initial  transient  observed  during  anodic  polarization 
has  been  interpreted  as  either  formation  of  maenetite  or  oxidation  of  adsorbed  hydrogen. 
While  the  evidence  either  way  is  not  convincing  it  would  not  be  unlikely  that  both  Fe(OH)2 
and  l;Cj04  are  formed  in  the  early  ages  of  film  growth.  The  ratio  of  each  would  no  doubt 
be  wrongly  influenced  by  the  natuie  of  the  buffer  solution  and  the  rate  of  anodization  (set  by 
the  potential  vs  SCF.). 

The  formation  of  magnetite  at  the  interlace  is  an  especially  interesting  possibility  since 
one  would  expect  this  to  -e  much  h.ghe'  conductivity  from  FeJ*  Fe**  electron  hopping 
{p-tyj^e  hiAe  conduction )  that  for  wie  lighdy  ooped  Fe(ll)  oxide,  FeO095,  or  the  final  passive 
layer  of  the  Fr (III)  oxide  y-Ftp^.  Same  .denture  data  on  the  conductivity  of  these  oxides 
are  summarized  below: 


Table  IX 


Electronic  Conductivity  Of  Iron  Oxides 


Species 

Temperature 

(K) 

Conductivity 
a  (mho/m) 

Comment 

FeO 

873 

6.4  x  1G3 

High  T  preparation 

Fe304 

293 

-  104 

hole  conduction 

Fep3 

293 

3.7  x  10-3 

n- type  semiconductor 

Reference:  "The  Oxide  Handbook",  G.  V.  Samsonov,  Plenum,  N.Y.  (1973) 


The  hign  value  for  the  conductivity  of  FeO  is  no  doubt  a  result  of  the  high  temperature 
at  which  it  was  studied  arid  it  would  be  safe  to  assume  that  it  is  markedly  less  conductive  at 
room  temperature.  These  values  can  be  converted  to  specific  resistance, 

R  =  pH  A 

where,  R  =  resistance,  fl 

p  =»  1/x  =  specific  resistance,  0  cm 
k  a  o/ 100  *  specific  conductance,  Q"Vcm 
A  =»  cross-sectional  area,  cm2 
/  =  length,  cm 

This  yields  a  value  of  0.010  for  the  resistivity  for  a  1  cm  cube  of  magnetite  -  quite  a  good 
electronic  conductor!  So  the  formation  of  this  oxide  due  to  the  presence  of  wa*er  and  oxygen 
in  the  Fe-O-Fe  interface  could  be  a  viable  explanation  for  the  increased  conductivity  of 
"Rusty-Bolt"  junctions.  If  magnetite  formation  is  the  predominant  source  of  the  increased 
conductivity  of  Fe-O-Fe  junc;ions  then  one  would  not  necessarily  expect  other 
Metal-Oxide-Metal  junctions  to  exhibit  the  same  improvement  after  treatment  with  hydtoxylic 
solve,  u.  For  example,  Nickel  forms  an  Initial  passive  oxide  surface  which  is  not  an  electronic 
conductor. 

However,  other  possibilities  exist  for  conduction  across  the  interface,  including  the  Iron 
Deposition  and  Dissolution  Reactions  for  which  the  following  mast  probable  electrochemical 
mechanism  has  been  deduced: 


Fe  +  HX> 


FeOH  +  H*  +  e“ 


(1) 


r.d.s 

FeOH  - *  FeOH*  +  e*  (2) 


FeOH*  +  H* 


Fe:*  +  H^O 


(3) 


This  is  an  example  of  a  multistep  mechanism  where  the  Butler-Volmer  kinetics 
expression  is  modified  to  apply  to  a  single,  rate  determining  step  taking  into  account  the  pre- 
and  post-equilibria.  After  appropriate  substitutions  the  f-rj  function  for  this  scheme  is  given 
by:24 


«oba  =  2F  [  t  Co H-  -  i  Co„-  CFe2*  ] 

where, 

t  = 

t  ~  w 

\>  =  interfacial  potential,  V 

8  =  0.5  (note  the  asymmetry  in  the  i  vs  function  above) 


and  the  other  terms  have  their  usual  significance.  Thia  formulation  predicts  the  correct  pH 
dependence  of  the  corrosion  current  as  well  as  :!,t  Tafel  slopes  for  the  corrosion-deposition 

reaction  of  Iron  in  aqueous  media  near  neut  pH.  Similar  expressions  can  be  derived  for  the 
diffusion  of  ions  through  the  oxide  layer  under  the  influence  of  the  electric  field  gradient. 
Whether  a  Faradaic  or  Semiconduction  mechanism  is  responsible  for  the  conductivity  of  water 
treated  Fe-O-Fe  junctions  is  open  to  question  since  the  same  type  of  increased  exchange 
current  density  can  result  in  either  case.  However,  there  is  little  doubt  that  Water  is  the 
active  ingredient  in  providing  this  increased  current  carrying  capability. 

The  ultimate  formation  of  y-Fe^Oj  and  [Fe(OH)j])|  would  not  be  conducive  to 

maintaining  good  electrical  contact  across  the  interface  so  that  direct  treatment  of  the  junction 
■with  aerated  water  would  likely  lead  to  eventual  failure,  although  initially  such  treatment 
provides  a  rapid  suppression  of  1MJ.  Indeed,  water  treated  junctions  have  been  observed  to 

fail  after  a  day  or  two  with  large  amounts  of  rust  formation  in  the  contact  area.  However, 

rust  formation  tan  t>e  suppressed  with  partially  dried  ethylene  glycol.  This  suggests  that  a  low 
water  content  in  ethylene  glycol  it  suitable  for  long  term  treatment  of  "Rutty-Bolt"  junctions. 


On  The  Role  Of  Dielectric  Constant  In  The  Rusty -Bolt  Junction 


It  had  been  assumed  that  the  ingress  of  a  high  dielectric  constant  liquid  into  the 
"Rusty-Bolt”  junction  would  significantly  increase  the  capacitive  coupling  between  the  metal 
electrodes  and  so  provide  an  additional,  parallel  path  for  R.F.  current.  Since  such  a  capacitor 
behaves  as  a  linear  circuit  element  this  effect  could  have  been  reponsible  in  part  for  a 
reduction  in  IMI  products.  In  order  to  test  this  hypothesis  the  "Rusty-Bolt"  vyce  was  placed 
in  a  plastic  box  under  an  atmosphere  of  dried  argon  and  a  deoxygenated  solution  of  the 
pre-dried  ethylene  glycol  was  added  via  a  teflon  cannula  to  a  stable,  operating  nonlinear 
junction.  As  expected  from  similar  tests  in  air,  no  change  in  the  level  of  any  IMI  product 

frequency  was  observed  for  several  hours.  Since  the  ethylene  glycol  must  have  penetrated  the 

junction  area  this  proves  that  the  dielectric  constant  of  the  liquid  in  the  junction  has  no 
significant  effect  on  the  passage  of  R.F.  signals  in  the  range  up  to  30  MHz.  This  implies  that 
the  capacitive  impedance  is  large  compared  with  the  resistance  value  (typ. ~50fl),  i.e. 

Xc>  1000ft  at  30  MHz.  The  maximum  junction  capacitance  can  then  be  calculated  from  the 

capacitive  impedance  equation: 

1 

Xc  =  -  ft  where  /  is  in  Hz,  C}  in  Farads 

2t  /  C. 

The  calculated  capacitance  is  ~20  pF  which  is  very  close  to  the  measured  parallel  capacitance 
of  dry  junctions  in  this  frequency  range.  Thus,  it  is  fairly  certain  that  the  dielectric  constant 
plays  no  significant  role  in  alleviating  IMI  production  in  "Rusty-Bolt"  junctions. 

Summary  Of  Techniques  For  IMI  Suppression 

The  ability  to  modify  and  control  the  oxides  between  metal  surfaces  is  critical  for 
ensuring  linear  conduction  of  metal-oxide-metal  junctions.  By  their  nature,  such  junctions  are 
usually  depleted  of  mobile  charge  carriers  and,  therefore,  exhibit  nonlinear  I-V  behaviour. 
Through  appropriate  chemical  treatments  it  is  hoped  to  modify  the  interfacial  oxides  to 
increase  the  availability  of  charge  earners,  so  increasing  the  exchange  current  density  and 
alleviating  some  of  the  nonlinearity  of  the  junction. 
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CARYSPEC 

A  FORTRAN  77  Program  For  Sp«c:rai  Data  Acquisition  Anti  Control  Of 
The  Vartan  CARY  23SO  UV-VT5-NIR  Spectrophotometer 

INTRODUCTION 

The  CARY  2300  and  2-tOO  s ernes  spectrophotometers  ire  mgn  quality,  microprocessor 
controlled  anaiyticai  instruments  intended  for  measurements  of  the  UV-Visiole  and  Near  JR 
absorption  spectra  of  solids,  liquids  and  gases.  When  equipped  with  an  optional  1EEE-4SS 
standard  interface  these  instruments  and  their  accessories  are  programmable  by  an  external 
computer  system  enabling  acquisition  of  spectral  measurements  in  digital  form.  This  document 
describes  a  fully  tested  FORTRAN  77  program,  CARYSPEC,  designed  for  single  ;cj/i 
acquisition  of  spectra  from  a  CARY  2390  instrument  using  a  Hewlett-Packard  '  300 
minicomputer  running  the  multi-user  Cl  shell  and  RTE-6/VM  operating  system.  The  program 
uses  very  few  machine  specific  functions  and  could  be  modified  easily  to  '  m  on  other  host 
systems  supporting  the  IEEE-488  interface  standard. 

CARYSPEC  implements  a  large  subset  of  the  programmable  instrument  control  functions 
of  the  CARY  2390  spectrophotometer  in  a  menu  driven  format  closely  resembling  the  menu 
displays  on  the  instrument.  Therefore,  no  spectaJ  training  is  required  for  users  already  fami.iar 
with  operation  of  the  instrument.  Indeed,  operation  from  a  computer  conso.e  has  proven  to 
be  more  convenient  than  using  the  clumsy  keypad  on  the  instrument  The  control  functions 
implemented  reproduce  the  facilities  of  me  spectrophotometer's  Instrument  Settings,  D.isc'ine 
Setup,  Lamp  and  Detector  Modes  and  Accessory  Setup  menus,  as  we:l  as  a  number  of  single 
keypad  functions.  The  program  dorr  tor  support  the  statistics  calculation  modes,  rapid  scan 
setup  keys  or  the  automatic  sequencer  operation  for  repetitive  scans.  The  latter  mode, 
although  useful,  is  not  compatible  with  reliable  'F.EE-4S8  data  transmission.  -V  future  ersion 
of  ihe  program  may  implement  this  feature  us.ng  the  the  sm;,e  scin  mode  of  CARS  Si’rV 
•nth  automatic  data  file  storage  rod  system  clock  control  of  the  timing  if  successive  scans 

CARYSPEC  it  a  moderately  large  program  rod  wall  not  run  m  a  single  3IX  vor.l 
segment  of  the  Hewlett-Packard  HYX)  minicomputer  The  program  ha*  “ren  segmented  'o  run 
in  3  memory  resident  nodes  of  the  HP  1000  using  the  Multi  Level  Segmentation  utility 
programs  SGMTR  rod  Ml  1  DR  The  proeram  requires  an  tlK  void  memory  tvutitmn, 
including  40K  words  of  ri (tended  Memory  Addressing  (I  MAI  space  for  lira  irnvs 

Kmtnti  Fttnmrt  '1  «l 


IMPLEMENTATION 


1.0  Hardware  Interface: 

The  IEEE-488  interface  for  the  HP  TOCO  system  is  implemented  with  in  HP  593108 
.ntertace  card  which  utilizes  4  Logical  Unit  (LU)  addresses  in  the  system.  The  LU  addresses 
are  dependent  on  the  computer  system  and  are  defined  by  the  system  generation.  The 
interface  card  used  by  the  program,  CARYSPEC.  occupies  LU  addresses  35-33  corresponding 
to  card  addresses  0-3.  Address  0  is  a  special  addressing  mode  which  allows  access  to  low 
level  LEEE-488  bus  command  sequences  for  any  device  number.  Addresses  1  -3  are  predefined 
automatic  READ/WRTTE  channels  which  select  device  numbers  1-3  on  the  bus.  CARYSPEC 
uses  automatic  device  addressing  from  channel  3  (LU  38)  and  consequently  the  device  address 
of  the  CARY  2390  has  been  set  to  3.  Physical  connection  between  the  computer  and 
spectrophotometer  consists  of  5  metres  of  IEEE-488  standard  cabling.  Reliable  data 

transmission  was  obtained  with  cabie  lengths  up  to  9  metres.  With  13  metres  of  cable 
commands  sent  to  the  CARY  2390  were  accepted  but  data  transmissions  from  the  CARY  2390 
spectrophotometer  were  corrupted  owing  to  the  limited  drive  capability  of  the  MC344?L  bus 
transceivers  tn  the  CARY  2390.  The  bus  was  found  to  be  totally  inoperative  with  a  cable 

length  of  17  metres. 

1.1  Hands  leaking: 

The  IEEE-488  aubsystem  of  the  HP  1000  is  operated  by  the  RTE  driver  DV\_i7 
configured  for  ASCII  Data  Record  mode.  This  mode  tends  and  expects  to  receive  an  End  Of 
Record  TOR)  with  data  transmission  in  the  form  of  a  Carriage  Reiurn/L.ne  Feed  (CR-LF) 

sequence,  though  Line  Feed  alone  is  sufficient.  The  CARY  2390  accepti  commands  in  this 
format  automatically  However,  the  instrument  mujt  ^e  msttucted  to  vend  data  with  the 
OP-  I.F  'filler  using  the  command  i ■  y 20** .  vent  as  a  series  of  ASCII  characters  to  the 

mstrument.  This  is  'he  First  muniment  command  in  the  program  OAKYST!  C  and  instructs  the 
CARY  2390  both  to  insert  OR  before  IF  on  transmissions  and  to  turn  off  check  sum  error 

detection.  Therefore,  all  commands  to  the  instrument  end  with  a  check  sum  bvte  of  rrm 

Correctly  operating  lEEE-ahg  ivstems  do  not  require  check  sum  error  detection  During  real 
■ime  spectral  data  trirumiasion  the  CARY  spectrophotometer  >t  the  active  talker  on  the  bus 
The  1  :id  Of  record  character  for  thu  mole  has  hern  specified  is  i  '.re  Feed  n 
Alt',  Si’F.C  -  'h,»  works  without  a  ‘  R.  si  eipected  for  if  EE-488  handshaking  Termination 

if  re.ii  orne  transmission  i  *tfer.  red  hy  the  active  controller  >04  »  s.n  level  routine  whim 

••ends  lie  A'.t'.'l  odes  ‘or  '  **'  T  AJ  X.  t  'N1  AT  I  N 


1.2  Instrument  Commands  Format: 


Programmable  control  of  the  CARY  2300-2400  series  spectrophotometers  has  been 
implemented  by  Vartan  Instrument  with  a  series  of  angle  character  commands  in  ASCII 
cod*,  most  being  accompanied  by  following  chan  ters  to  select  a  particular  setting  lor  the 

command  selected.  The  instrument  generates  similar  reply  messages  to  most  commands  and 
these  character  strings  must  be  read  by  the  controller  before  sending  further  commands. 

Varian’j  documentation  deftnrs  the  command  structure  as  a  sequence  of  [ASCII] 
characters  in  the  following  format  (blanks  added  'or  c'anty): 

[LDI]  [M3]  [MD]  [MO]  [CSM]  [EOI] 

where. 

[LDI]  *  Logical  Device  Identifier 

ASC3  t  ipresenuuoa  of  the  talk  address  of  *he  sender  -  the  value  is  ignored  but 

some  character  m*sU  be  sent  as  a  puce  holder.  (NOTE:  The  correct  character  for 

the  bus  controller  at  add  ass  0  is 

[MI]  ■  Message  Identifier 

ASCII  character  C,  P  or  N  used  to  indicate  the  message  type  as  Command, 
Positive  reply  or  Negitive  Reply.  (NOTE:  This  character  field  is  actually  INVALID 
within  a  command  -  'C*  will  cause  a  system  leset  if  used). 

•MD]  ■  Mf’tage  I>scriptoi 

ASCII  character  i  .ucfi  -.pecifies  the  actual  command  to  he  executed 
(MQJ  •  Message  Qualifier 

A  string  o(  characters  used  <o  set  one  or  more  variables  or  operating  modes 


[CSM]  -  Check  sum 


The  binary  sum  of  all  characters  in  a  particular  message  -  this  is  always  the  “0" 
character  since  checksum  mode  is  turned  off  normally. 

'EC I]  -  End  Or  Identify  (actually  End  Of  Record) 

A  linefeed  character  is  specified  as  the  terminator  character  to  end  data 
transmissions.  {NOTE:  This  is  appended  automatically  by  most  IEEE— 188  drivers 
during  handshaking. } 

The  [MI]  field  given  in  the  message  structure  above  is  actually  invalid  within  a  command 
and  must  not  be  used  -  otherwise  command  *C\  system  reset,  will  be  executed  followed  by  a 
bus  hang  up  on  the  trailing  unused  command  characters.  However,  the  [MI]  field  is  valid  in 
the  reply  messages  from  the  instrument. 

The  correct  COMMAND  format  a  given  by  the  following  fields: 

[LDI]  [MD]  [MQ]  [CSM]  [LF] 

EXAMPLE;  Send  the  Record  Trailer  Set-  up  Command  '($' 

Command  *"<^@20' 

WRITE  (UNIT  -38.FMT *1 0)  Command 
10  FORMAT  (A4) 

READ  (UNIT-38, FMT-201  Reply 
20  FORMAT  (A64) 

where. 

J  -  |I-DI]  address  of  bus  controller 
V  «  (MD]  command  for  ecord  trailer  set-up  command 
2  «  [MQ]  value  to  select  no  check  «um  (bit  1  ■  0),  insert  CR  before  LF 
0  •  [CSM]  check  sum  , or f ) 

LF  i  \ent  automatically  nth  WRITE  command 


All  instrument  commands  sent  to  tie  CARY  2390  by  an  external  computer  comprise  a 
sequence  of  ASCII  data  characters  as  far  as  the  IEEE— 188  bus  is  concerned.  The  details  of 
the  handshaking,  with  talk  and  listen  addresses,  are  transparent  to  high  level  languages  such 
as  this  implementation  of  FORTRAN  77  where  such  details  are  handled  automatically  by  the 
device  driver  -  in  this  case  DVA37.  Unfortunately,  Varian  Instruments  chose  to  document  the 
software  control  of  the  2300  series  instruments  for  a  particular  dialect  of  3AS1C  used  In  their 
proprietary  controller,  a  model  DS-15  data  station,  which  appears  to  operate  in  a  purely 
binary  mode  on  the  IEEE-488  bus.  Thus,  their  examples  of  the  message  structure  include  a 
line  feed  character  appended  to  the  actual  data  command  message.  Furthermore,  they  confuse 
this  End  Of  Record  character  (EOR)  with  the  title  of  the  End  Or  Identify  handshake  line  of 
the  IEEE-488  bus.  The  trailing  line  feed  character  is  omitted  from  ail  instrument  commands 
in  the  program  CARYSPEC,  this  terminator  being  supplied  automatically  by  the  HP  1 000 
driver  routine  using  the  standard  FORTRAN  output  command,  WRITE. 

While  the  reply  messages  generated  by  the  CARY  spectrophotometer  must  be  read,  only 
a  few  require  testing  for  negative  replies  in  a  correctly  structured  program.  C.vRYSPEC 
utilizes  tight  error  trapping  for  inappropriate  combinations  of  instrument  parameters, 
diminishing  the  need  for  extensive  use  of  the  error  message  numbers  from  the  instrument.  In 
fact,  only  the  Baseline  Set  Up  luoroutine  checks  for  a  negative  reply  and  even  that  is 
probably  superfluous  since  illegal  combinations  of  operating  modes  are  trapped  before  calling 
this  routine.  Such  internal  errror  trapping  provides  a  smoother  user  interface  compared  with 
taking  corrective  action  after  rejection  of  bad  commands  by  the  instrument. 

The  full  range  of  instrument  commands  and  their  reply  formats  are  summarized  below  in 
Section  1.3.  Some  commands  can  be  accessed  only  using  the  'O'  command  to  mimic  key  pad 
presses  on  the  instrument.  These  often  involve  sequences  of  key  presses  to  implement  a  single 
function.  Table  I  contains  the  ASCII  codes  required  to  send  Key  Pad  entries  with  the  'D' 
command.  However,  full  familiarity  with  the  instrument  t*  required  to  use  these  effectively 
For  example,  the  Baseline  Set  Up  procedure  could  be  implemented  by  sending  a  large 
number  of  Key  Pad  sequences  but  a  more  efficient  means  is  the  T  command  which  includes 
all  of  the  requested  baseline  parameters  irt  a  single  string. 
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TABLE  I 

ASCII  Codes  For  Touch  Panel  Kevs 


KEY 


DECIMAL 


ASCI  I 


0 

48 

'0* 

I 

49 

•  1 ' 

2 

50 

•  a  ' 

3 

51 

•3' 

4 

52 

•4’ 

3 

53 

■5’ 

6 

54 

'6' 

7 

55 

•V 

8 

56 

•  8' 

9 

57 

•9* 

58 

>  .  t 

CLEAR 

59 

l  .  i 

CHANCE 

60 

'<* 

ENTER 

61 

»  —  » 

ABS  vi  iTNCTH 

64 

ABS  v*  TIME 

65 

'A' 

SEL  VLNCTHS 

66 

•  B* 

INSTR  SETTINCS 

67 

•c* 

Lamps  &  detectors 

68 

*D’ 

AUTO  OP 

69 

•E’ 

ACCRY  SETTINGS 

70 

•r 

CALC  MODE 

71 

•c* 

BASLN  SETUP 

72 

■H’ 

TEST  EUNCT I  ON 

73 

’  1  ’ 

COTO  WLNCTH 

74 

*  J  * 

LOCK 

75 

'  K* 

START 

80 

•  P' 

STOP 

81 

•Q* 

RESUME 

82 

■R* 

STANDBY 

83 

'S’ 

READY 

34 

■  T* 

AUTO  BALANCE 

35 

•  U’ 

CASSETTE 

3  8 

’  V 

PRINT 

39 

'  Y ' 

RIGHT  CURSOR 

104 

•v 

LEFT  CURSOR 

105 

’  1  1 

MANUAL  SCAN  * 

106 

'J' 

MANUAL  SCAN  - 

107 

'  k. ' 

1.3  Instrument  Commands  Summary: 


’A’  Lock  or  Unlock  Keyboard 

Command  —  ' @AX0 ’  where  X  —  0,1  (Unlock,  Lock) 

Reply  -  1 »P.AX0 * 

’B’  Status  Request 

Command  -  '(280' 

Reply  -  '»PB[  data  ] 0 '  5  bytes  of  data  are  returned 

’C  System  Reset 

Command  -  '  vjCO ' 

No  Reply 

’D'  Activate  A  Touch  Panel  Key 

Command  -  "2DX0‘  where  X  -  ASCII  code  for  key 

Reply  -  ' ePDXO ' 

Reply  -  ' *NCX0 ' 

’E’  Dump  Parameter  Table 

Command  «  *  (§ E 0  * 

Reply  -  'ePE(  no.  of  data  byte*  ](  data  jO’ 

’F’  Accessory  ON/OFF  Control 

Command  -  "3FXY0' 

Reply  -  'ePrXYOO' 

Reply  -  ’eNFXYJ  error  no  ]  0 1 

’G*  Return  Value  Of  Parameter  Or  Variable 

Command  <•  "?C1Y0'  Y  -  Index  Number  Of  Parameter 

Reply  •  ’ePClY;  string  length  j[  itrtng  JO' 

Command  «  'VCZ'rO'  Y  **  Index  Number  Of  Variable 

Reply  -  'ePClY;  vatu*  O' 

Reply  -  ' eNCXY '  error  no  O'  for  X  -  1,2 


•here  X  *>  0 ,  1  (Turn  Off,  On) 
•her#  Y  -  Accessory  Number 
•here  0  before  CSM  -  no  error 


’H’  Change  Value  Of  A  Parameter 

Command  -  ’ ?HXY0'  where  X  -  Parameter  dumber 

where  Y  —  Required  Index  Value 

Reply  -  '*PHXYZ0'  where  Z  -  New  Index  Value 

Reply  -  ’*NXY[  error  no.  jO' 

T  Change  Value  Of  A  Variable 

Command  -  number  j!0*  where  X  -  Variable  Number 

Reply  -  ' #PIX0 ’ 

Reply  -  '*NIX{  error  no.  ]0‘ 

T  Set  Up  A  Baseline 

Commend  -  '  @J  (  value  1  }!...(  value  9  J  !  0 ' 

Reply  -  'ePJOO'  where  0  before  CSM  -  no  error 

Reply  -  '#NJ[  error  no.  ]0' 

’K’  Request  Real  Time  Data  Transmission 

Command  -  '(3K1Y0'  Interval  mode 

Commend  -  interval  ] ! 0 '  Continuou*  mode 

where  Y  -  0-3  specifies  delimiter  (0,  LF,  CR,  &) 

Reply  -  •*[  data  ]»...[  data  ]!(EOR]*... 

Reply  -  ' eNKXY [  error  no.  ]0'  where  X  -  1,3  (mode) 

’L’  Display  Message  On  Line  4  Of  C.R.T. 

Commend  -  ’  1  [  message  ]0' 

Commend  -  '@LQQ'  Turn  Off  Message  Display 

Reply  -  'ePL0‘  No  Negative  Reply 

’M’  Accessory  Mode  Set  Up 

Commend  -  "'}MX(  value  ]  *  0 ' 

Reply  -  ' epyxOO ' 

Reply  -  'eNMXf  error  no  ,0* 

'Q'  Record  Trailer  Set  Up 

Commend  *»  '  r'ty*Y0 ’  where  Y  -  0-3  (2  for  <“R,'I  f) 

No  reply 

S 


where  X  -  Parameter  Number 
where  0  before  CSM  ~  no  error 


1.4  Real  Time  Transmission  Data  Format: 


The  'K'  command  selects  one  of  two  real  time  transmission  modes  with  the  CARY 
spectropnotometer  as  the  active  talker  on  the  bus.  The  continuous  mode  transmits  data  at  the 

frequency  of  the  instrument's  chopper  motor  (15  Hz  at  line  frequeny  =  60  Hz)  in  an 

abbreviated  format  of  Ordinate  and  Abscissa.  The  more  useful  mode,  as  used  in  CARYSPEC, 

is  the  programmed  interval  mode  which  transmits  9  instrument  measurement.  This  increases 
the  overhead  for  each  datum  but  the  extra  string  processing  time  has  been  found  to  be 

insignificant  for  the  HP  1000  system.  CARYSPEC  limits  the  choice  of  scan  speed  and 
wavelength  interval  for  a  maximum  transmission  rate  of  5  Hz.  This  modest  rate  is  determined 
by  the  interrupt  service  times  of  the  muiti-user  operating  system  rather  than  program 
processing  speed. 

The  data  format  for  the  programmed  interval  mode  varies  with  the  choice  of  Ordinate 

and  Abscissa  modes  for  the  CARY  2390.  The  data  acquisition  subroutine  ACQUIRE  within 

CARYSPEC  supports  all  6  choices  of  Ordinate  mode  and  the  4  choices  of  Abscissa.  However, 
the  main  portion  of  CARYSPEC  rejects  any  choices  other  than  Absorbance  or  Transmittance 
vs  Wavelength  which  send  data  to  the  following  formats: 

A  typical  record  for  Absorbance  vs  Wavelength:  (39  characters) 

m  0.0012!  2000.0011 101  !123t  2000,00  !  0.0!  23.72J-199.83! 

A  typical  record  for  Transmittance  vs  Wavelength:  (58  characters) 

»  100.06  !  2000.00!!  !01!1 28!  2000. CO!  0.0!  23 . 72 ! -1 99 . 73 ! 

These  fields  correspond  to  Ordinate.  Abscissa,  Cell  *,  Cycle  *,  Sample  *,  Wavelength.  Time. 
Temperature  and  Gel  Scanner  Distance.  Transmissions  from  the  CARY  2  3  90  are  re.id 

left-justified  into  a  CHARACTER  variable  dimensioned  to  length  64.  This  Is  sufficient  for  ill 

operating  modes  and  makes  ACQUIRE  a  general  purpose  subroutine  for  use  in  other 
programs.  Since  the  record  format  s  fixed  for  each  choice  of  Ordinate  and  Abscissa  there  is 
no  need  to  search  the  data  strings  for  the  "*  delimiters.  CARYSPEC  begins  substring 
extraction  st  character  position  2  and  uses  arrays  XOFF(J)  and  YOFFfJ!  to  determme  the 
offsets  for  the  : irst  two  data  fields  The  remaining  substrings  are  tised  length  ind  their 
boundaries  are  calculated  from  ih«  sum  of  the  lengths  of  the  first  two  lata  fields. 


') 


1.5  Illegal  Parameter  Changes: 


Several  instrument  parameters  have  been  masked  off  from  changes  by  an  external 
computer,  so  becoming  READ  ONLY,  The  slit  height  parameters  *22  <&  *26  are  not 
programmable  since  the  slit  height  is  a  manual  adjustment.  The  Baseline  parameters  Uso  are 
intended  to  be  READ  ONLY  in  order  to  prevent  overwriting  the  descriptors  for  a  current 
baseline.  Hence,  parameters  *23  -  *26  are  updated  only  when  a  new  Baseline  request  is  sent 
using  the  ‘J’  command.  The  Baseline  status  parameter  *37  has  limited  accessibility  and  can 
be  turned  ON  or  OFF  only.  OARYSPEC  also  allows  parameter  *37  to  be  set  to  the 

RECORD  and  ON/SETUP  states  by  issuing  Key  Pad  sequence  with  the  'D'  command. 

However,  CARYSPEC  does  not  use  these  'ernngs  to  actually  record  the  Baseline.  The  settings 
are  used  only  to  transfer  setup  information  between  the  instrument  and  baseiine  menu 

parameters  for  users  accustomed  to  this  feature. 

Unfortunately,  two  setup  parameters,  DERTV  TEMP  RANGE  (*11)  and  TEMP  ZEED 
(*13),  have  also  been  masked  off  making  it  difficult  to  control  the  CARY  in  some  operating 
modes.  However,  it  was  (L.covered  that  the  DERTV  TEMP  RANGE  can  be  set  by  using 
parameter  *10,  the  DERTV  RANGE  settings  for  Absorbance  and  %T.  Thus,  parameter  *11 

appears  to  be  an  internal  table  only.  Special  action  has  to  be  taken  in  selecting  the  derivative 
range  settings  since  only  the  1,3,10  sequence  is  valid  while  a  1,2,5,10  sequence  can  be 
selected.  CARYSPEC  includes  an  INDEX  array  variable  which  holds  the  valid  indices  for  the 
derivative  modes.  This  allov*  derivative  spectra  to  be  drawn  while  the  external  computer 
acquires  the  raw  measurements.  While  CARYSPEC  does  not  allow  acquisition  with 
TEMPERATURE  as  the  Ordinate  or  Abscissa,  the  functionality  of  the  Temperature  setup 
modes  is  preserved  with  one  exception.  The  TEMP  ZERO  parameter  can  not  be  set  from  the 
external  computer  and  only  the  range  can  be  selected  from  CARYSPEC.  Since  this  is  not  a 
feature  required  for  CARYSPEC  no  attenpt  has  been  made  to  isaue  a  Key  Pad  sequence  for 
TEMP  ZERO. 

The  CARY  2390  also  maski  off  the  %T  offset  variable  (*I0)  when  the  200  %T  range  is 
.elected.  This  appears  to  be  designed  so  that  only  a  0-200  %T  range  can  be  selected. 
However,  if  a  non-rero  offset  has  already  been  set  for  another  scale  then  selection  of  '.he 
200  ’4T  range  will  not  result  in  a  0-200  %T  scale  -  it  will  have  the  old  offset.  This  illegal 
mode  can  he  reset  by  changing  to  another  range  and  vetting  the  offset  to  rero  before 
selecting  ihe  200  VT  range  <g.un. 
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software  description 


2.3  Purpose  Or  CARYC?EC: 


The  collection  zi  soectrcpnctc  metric  data  in  d.g.t.red  form  provider  both  a  per  inane-.: 

mean*  of  storage  and  the  ability  to  perform  mote  sophisticated  inaiys-  While  the  instrument 
obtain*  spectral  measurement*  as  absorbance  vs  wavelength  (nm),  plotting  programs  can  resc.a.e 
the  raw  data  into  more  meaningful  units  such  a*  mciar  absorptivity  n  wavenumrer  c.n':V 
Technique*  such  a*  difference  spectroscopy  no  longer  need  to  be  performed  in  real  time  s  nee 
data  file*  can  be  manipulated  easily  to  achieve  thi*  function  by  scaling  and  subtraction  Noise 
can  be  removed  *»o.n  ssugle  scan  spectra  using  least  squares  smoothing  while  similar  functions 
can  be  used  to  generate  derivative  jpectra  which  are  more  accurate  than  those  produced  ,n 
real  time  by  the  CARY  Z2CO-24CO  sene*  spectrophotometers  on  their  internal  pen  recorders. 
Such  benefit*  mat;  it  worthwhile  to  develop  software  for  data  transfer  between  the  C  \R  V 
spectrophotometer  znd  an  external  computer  system,  in  thi*  case  a  Hewlett-Picl.trd  1000 
minicomputer  tunning  the  Cl  shell  and  RTE-*vVM  operating  system. 
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2.1  Lanifuagt:  Feat ’arts  Oi  CARYSPEC; 

The  program  CARYT RFC  wu*  written  m  FORTRAN  77  since  thu  language  provides  she 
most  complete  set  of  if  deface  and  control  functions  available  on  -he  HP  If  0  The 
communication  h  CRT  RAN  7?  »nd  the  Itn£-4MJ»  interface  to  the  t.'AiO  :  too 

spectrophotometer  .*  -ompiete  y  transparent  im  standard  READ-  WRITE  state, mein  control  the 
operation  of  he  .nst/ument  and  the  collection  of  Jau  transmitted  by  the  r'ARY  Therefore, 
'he  (.rogTam  «  portable.  with  tome  mmor  slterationt,  between  svMem*  supporting  the 
I  f  i H  7  R  AN  77  language  and  11.!  f. -4JW  Input/ Output.  t'ARVvPf'C  uses  three  machine  specific 
function  rail*  r'viinnf  substitution  to  run  >n  a  different  host  svste  >  The  ‘ust  s  <'  1. 

i  !  1  t.  •'•"*))  whH  f»  "anges  :,-.e  lief  f,eld  re<  or  I  length  from  the  Jet  amt  val-ie  >t  '1  •  c  ’  ) 

1  hi*  i»  «eil  to  provide  more  <  ol-irnn  H'»«  on  the  nnsole  lspiav  screen  1  he  .re. m.t  i  i 
t  all  to  read  the  ivitem  lock  to  provide  calibrated  delay  loops  Thus  the  ooei  tnon  of 

*» I . J1RQUT  1NP  Waio fyf  I  A Y'  iml  M  NCTltlN  T  rnefll  w»mM  ieed  to  i*e  iliered  The  bird  t 
TAIL  AiIRTiM.Vi  which  terminates  uantmisaion  from  ihe  r'ARY  by  -ending 

!/N  T  -MX/ V!  .11''  f  N  on  ihe  ’IT  F.  Kos  Syntactical  iiffe'entrs  nvi  appear  'vtvrfi 

*»r  mm  versions  if  ;,.H7P.\N  *'  pan.i  *r'y  n  -he  Hr  WP.Tf  statemenis  ■  '  V.tNNT'  s' 

ices  'he  format  -*  i  Ai>  fl.  i  and  W  Tt  . *,  r  |  '  f -r  'be  user's  '‘onsole  .Irhnel  is  1  ' 

while  Mi<r'>sr'ft's  <  mpdef  ise%  >n  *  '  i  'e  '<ue  'he  muni*  mil 
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i:  Sjr-cture  Cf  CaRYSPEC: 

CaRYSPEC  ccmpr.sM  a  large  mam  program  unit  containing  most  of  me  consoie  menu 
t.ap.u.s,  uu  ‘'or  earned  CCMMCN  .arar.es  and  a  number  of  subrout.nes  '.bat  perform 

,t;  ,.-.g  pt.-<ru*ng,  .no-at  validation  and  communication  w»:h  ’.be  CARY  IYZ)  spectrophotometer 
:;-.e  main  program  is  responsible  for  ail  -'.be  .ogic  Haw  and  the  subroutines  execute  spec.f.c 
six  port  asks,  which  are  summarized  beicw 

The  mam  program  unit  of  CaRYSPEC  comprises  9  distinct  segments  of  cade  to  cany 
out  '.be  die  functions  of  instrument  setup,  spectral  data  acquisition  and  disk  file  data  storage 
The  axle  fragments  appear  under  the  fallowing  assigned  labels:  MENU.  SPECTRUM, 
3ASLUNE.  ADVANCED.  INSTRUMENT.  LAMP,  ACCESSORY,  STORE  and  EXIT. 

MAIN  PROGRAM 

MENU: 

This  s  the  first  and  mam  control  menu  of  the  program,  selecting  entry  to  the  remaining 

instrument  control  menus,  data  acquisition,  storage  and  exit  routines.  The  choices  «re  as 

illOSI 


’A’ . Acquire  Spectrum 

Thu  selection  branches  to  label  SPECTRUM  and  performs  log  cal  tests  for  the 
presence  of  a  vai.d  Baseline  m  the  CARY,  valid  choices  if  Absc  ivva .( lijirui. 
modes  snd  the  presence  of  in  unslored  spectrum  n  memory  before  proceed. ng 
with  data  acquisition  If  there  is  no  vs,.j  Baseline  '.formation  m  memory  the 

program  will  branch  ’o  label  BASM.INr  If  the  Abie  vva Ordinate  settings  are 

inappropriate  the  program  will  ranch  to  label  INSTRUMENT 

' T J '  lUtsel-''.*  ,< ti.p 

i  hn  selection  branchei  to  abet  HAM" LINE  which  reads  the  current  instrument 
settings  and  presents  ’he  pertinent  llateime  parameters  us  a  menu  arrangement 
similar  to  ‘he  equivalent  iuplav  on  the  ('AMY  The  user  an  after  these  selections 
nut  most  will  not  >ake  effect  miess  a  new  Baseline  scan  s  recorded  on  esti  from 
menu  f  >t  her  wise.  ;n  •  sit  s  made  to  'he  main  'If  Nt;  wi.h  the  •ntrument 
■ai'iir.e  -.eitirgs  ntail.  I  feature  of  the  ("ARY  *hich  prevents  inadvertent 


idei  .ui'int  n  the  parameters  |r«  nhinj  Ore  ■  urtent  instrument  Base. me 


I’ . Instrument  Settings 

Tfus  selection  brarscr.es  so  label  INSTRUMENT,  reacts  the  current  instrument 
settings  and  presents  the  most  important  in  a  menu  arrangement  similar  to  the 
ecus va.etit  csscUv  on  the  CARY.  The  user  may  alter  these  instrument  sett.nrs  sna 
any  changes  are  .mpiementec  .mmediateiy  by  the  .nstrument.  If  such  changes  street 
the  ^uauty  of  the  Baseune  matching  for  a  subsequent  acquisition  scan  then  the 
changes  end  be  overridden  automaucaily.  ;/  possible.  Otherwise,  the  user  wol  be 
direct  to  record  a  rev  Ease. me  scan  with  the  altered  settings,  followed  by 
acquis;t.cn  of  the  spectrum.  In  .most  cases  the  automatic  matching  routines  wiii  ;a*e 
effect  to  provide  a  smooth  user  interface. 


L’ . Lamps.  DetectotV  Acccsdor.es 

Thus  selection  branches  to  label  ADVANCED  and  reads  the  current  instrument 
settings  and  presents  a  number  of  menu  selections  for  subsidiary  functions  and 
operating  modes  of  the  CARY  Selection  ’1 '  branches  to  ’abel  LAMP  and  presents 
a  menu  which  lata  the  status  of  the  lamp  and  detecto*  modes,  which  then  mav  he 
altered.  Selection  *2*  branches  to  Label  ACCESSORY  and  mesents  a  menu  which 
..ill  the  tutus  of  the  temperature  and  printer  accessories,  wn.ch  then  mav  he  setup 
as  desired.  Selection  '3'  for  automatic  operations  s  .not  >et  supported 

S’ . Store  File  On  Disk 

This  selection  branches  to  label  STORE  and  prompts  the  user  for  entrv  of 
pertinent  file  information  before  saving  a  data  Me  to  J,s*  This  routine  includes 
standard  error  checking  for  rile  Eaitu.  File  Open  and  disk  transfer  errors  The 
iter  a  returned  to  the  main  MENU  on  rut 

X’ . lir.t 
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SPECTRUM: 

Th*s  portion  of  CaRYSPEC  controls  me  acquiMtion  of  a  spectrum  from  me  CARY  2390 
spectrophotometer.  On  entry,  this  code  wiil  check  important  instrument  parameters  and 
status  variables  and  perform  conditional  branches  to  BASELINE,  INSTRUMENT  or 
MENU  Jt  the  conditions  outi.ned  atxave  are  not  satisfied.  A  successful  er.trv  wbl  d  splay  a 
request  for  the  wavelength  scan  iimus,  which  default  to  the  Baseline  scan  range.  New 
urrtits  may  be  chosen  and  are  validated  for  the  range  135-3152  nrn.  {The  limits  may 
exceed  the  Baseline  range  but  this  will  cause  a  subsequent  call  to  SUBROUTINE  Bime 
with  the  new  limits  and  current  instrument  settings  before  returning  to  the  data 
acquisition  loop.} 

The  remaining  entry  required  is  the  step  size  interval  (0  01-5  nm)  during  the  scan  The 
instrument  is  capable  of  0.01  nm  steps  in  the  UV-VTS  region  or  0  04  nm  ,n  the  Near 

IR.  No  restrictions  are  placed  on  the  user  in  this  regard  but  it  is  strongly  recommended 
that  sensible  units  be  chosen,  t.g.  .1,  .2,  .25,  5  nm.  The  program  will  eject 
combinations  of  scan  rate  and  step  size  which  would  resuit  in  the  data  rate  exceeding 
5  Hz.  This  restriction  is  a  result  of  the  rather  slow  multi-user  environment  or  the 

HP  1000  rather  man  a  processing  speed  problem.  Either  scan  rate  or  step  sice  nnv  tie 

altered  to  meet  this  condition.  Finally,  the  wavelength  range  and  step  sire  are  used  to 

check  the  number  of  data  points  for  the  sc?n.  If  the  request  exceeds  iOCOI  points  the 

user  is  prompted  for  a  new  step  size. 

After  satisfying  the  basic  conditions  above  the  program  will  perform  a  number  of  hecks 
;n  'he  current  operating  conditions  of  the  CARY  2390  to  determine  whether  these  will 

natch  the  conditions  for  the  Baseline  Kan.  Mismatched  settinp  of  SHW  (nm)  and  TAIN 
wi]|  he  reset  automatically  'O  smooth  over  some  instrument  peculiarities.  Other 
Tuviru'chea  are  assumed  to  he  operator  require ments  and  result  in  a  prompt  to  record  .a 

•sew  Baseline  wan  The  iser  may  either  proceed  or  abort  this  iperation  and  terun  to 
the  mam  Ml  NU  to  take  corrective  action 

‘i ur r t vs/uj  traversal  of  ail  ibe  matching  checks  wll  prevent  a  listing  of  scan  pat.imeters 
and  a  prompt  to  Start  or  Abort  the  Kan  Ahornng  will  return  the  user  ic  the  mam 

Ml  NU  and  restore  the  parameter  strings  describing  my  previous  <pe-:tr’im  m  rr.etnorv 

'.uii.r.g  will  position  'he  m,mi  *  hmmator  'O  ihe  starting  wavelengrn  md  prompt  tor  Print 

o  hi  reert  during  the  wan  -  removal  of  this  I/O  overhead  helps  prevent  missed  lata  with 

•everal  use’s  on  the  HP  1 0* rO  Tha  remainder  of  >h#  acquisition  is  ant  matic.  reiurning 

»  'l.e  Tiiin  M!  Ittrr  •  omi' let.on 

:■» 


BASELINE: 

The  current  instrument  Baseline  parameters  are  read  on  entry  to  this  section  or 

CARYSPEC  for  display  in  a  menu  format  similar  to  the  Baseline  Setup  menu  on  the 

instrument.  This  code  is  responsible  for  the  selection  of  all  relevant  parameters  for  a 

new  Baseline  scan.  However,  since  most  of  these  parameters  are  masked  from  direct 

changes  by  die  computer,  via  SUBROUTINE  Select,  a  number  of  inappropriate 

combinations  are  tested  for  after  each  new  selection  is  made.  These  tests  reset  the  bad 

parameter  requests  to  the  most  appropriate  selection  thereby  eliminating  the  rejection  of 

any  parameters  m  subsequent  calls  to  SUBROUTINE  Bline.  After  validation  of  the 

Baseline  parameters  the  program  tests  whether  the  operating  mode  at  the  start  of  the 

scan  will  be  AUTO  GAIN  (MODE  *  1)  or  AUTO  SUT  (MODE  *  2).  The  integer 

variable  MODE  then  controls  the  logical  operation  of  the  remainder  of  the  program  and 
SUBROUTINE  Bline  where  cnoices  between  SBW  and  GAIN  vettings  are  important  for 

determining  or  controlling  the  operation  of  the  CARY  1390. 

A  special  exit  a  made  from  the  BASELINE  code  for  setting  the  instrument  GAIN  level 

if  the  requested  value  exceeds  the  current  setting  by  more  than  a  factor  of  10.  which 

can  result  ,n  rmsbeaviour  of  the  slit  servo  system  of  the  CARY  2390.  A  sudden,  large 

increase  in  CAIN  should  just  send  the  instrument  closer  to  zero  slit  width.  However,  ort 
ihtt  CARY  2390,  at  least,  the  slit  width  can  overshoot  through  aero  and  continue  to 

fully  open  me  tliu  with  high  gam.  seriously  imperilling  the  detectors!  To  prevent  such  a 

disaster  the  program  will  select  AUTO  SLIT  mode  and  branch  to  line  490,  which  is  part 

of  the  INSTRUMENT  code  fragment.  This  subsection  resets  the  current  instrument  GAIN 
in  factors  cf  10  until  it  matches  the  new  Baseline  request.  The  logical  vari.it'e 

TRANSFER  controls  the  exit  from  this  routine  back  to  BASELINE. 

On  exit  from  the  Batenne  Setup  menu  the  user  may  either  record  a  new  Baseline  or 

.Tturn  ir>  ihe  main  Mf  NO'  Both  options  read  the  current  instrument  parameters  before 
returning  to  Mi  MI.  keeping  ihe  program  updated  This  is  performed  by  re-using  put  ot 

tha  code  at  Nhe  start  of  the  BASELINE  fragment  under  ihe  control  of  logical  v  triable 

TRANSFER  If  a  new  Baseline  is  recorder*  ihe  program  will  monitor  the  instrument  until 
completion  of  the  procedure  and  then  uui  an  AUTO  BALANCE  command  to  ;ero  the 

mairument  on  the  reference  material.  Subsequent  dau  acquired  via  ihe  SPECTRUM 

fragment  will  therefore  pm<)i>ce  dateline  corrected  spectra. 


ADVANCED: 


Thu  portion  or  CARYSPEC  presents  a  small  menu  of  subsidiary  instrument  setup 
functions  that  may  need  :o  be  changed  occasionally  The  selection  are: 

T . LAMPS  k  DETECTORS 

This  selection  will  display  a  further  menu  which  lists  the  current  status  of  the 
LAMP  POWER,  LAMP  SELECT  and  DETECTOR  SEI-ECT  modes.  Normally,  both 
lamp*  are  ON  and  the  lamps  and  detector*  are  in  ALTO  SELECT  mode.  These 
settings  can  be  changed  to  increase  the  sorting  wavelength  range  for  tne  .ndmdual 
lamp*  or  detectors.  {NOTE:  Lndivtduai  selection  of  a  lamp  or  detector  prevents 
lamp  or  detector  change*  and  thereby  prevent*  coverage  of  pan  of  the  wavelength 
range  accessible  with  ALTO  SELECT  mode*.} 

'2' . ACCESSORY  SETTINGS 

Thu  selection  allow*  the  u*er  to  turn  on  and  setup  two  installed  accessories,  the 
TEMPERATURE  READOUT  and  the  thermal  PRINTER.  On  entry  to  this  routine 
both  accessories  are  commanded  to  an  OFF  statu*.  If  a  positive  reply  i*  received 
from  the  CARY  that  parameter  is  reset  to  ON.  If  the  TEMPERATURE  accessory 
a  selected  and  turned  ON  a  small  menu  is  presented  for  selection  of  the 
TEMPERATURE  RANGE  If  the  PRINTER  option  is  selected  snd  turned  ON  a 
subsidiary  menu  is  presented  to  select  the  operating  mode  and  interval  step  sue  for 
printer  output.  The  mooes  supported  are  Wavelength.  Time  and  Temperature 
However,  CARYSPEC  only  acquires  data  in  Wavelength  mode. 

’3’ . ALTO  OPERATIONS 

Thu  se'ection  it  intended  for  future  eipins*on  for  automatic  repetitive  scans 
Currently,  it  prints  an  rrror  rr.eiiage  and  returns  for  another  selection 

•X*  ....EXIT  TO  MENU 

This  entry  returns  to  the  mam  MENU 


() 


INSTRUMENT 

This  section  of  CARY  SPEC  reads  the  current  wavelength  and  instrument  settings  rrcm 

tne  CARY  a  .d  presents  the  most  important  functions  m  a  menu  format  that  is  very 

similar  to  the  rctaivaien*  aispiay  on  the  instrument.  Changes  made  from  this  menu  are 
executed  ey  the  CARY  2D}'"1  immediately.  The  selectmens  are: 

’O’  WAVELENGTH 

Th.s  selection  allows  the  monochromator  to  be  repositioned  to  any  valid  wavelength 
for  the  cunent  selections  of  Lamp  and  Detector  mode.". 

T  . ORDINATE 

Only  Aouorbance,  %T  ’tvl  Temperature  are  selectable  trom  this  menu.  However, 
CARYSPZC  w-dl  not  allow  Temperature  as  a  'Olid  ordinate  during  scans. 

7*  . YPSCISSA 

A’a-mlength,  Time  and  Temperature  are  sc:ectable  from  this  menu.  However. 

CARYSPEC  only  allow*  Wavelength  as  a  valid  abscissa  during  scans. 

*T  . SCAN  RATE 

T'i«  scan  rate  must  be  cbosea  in  combination  with  spectral  b  ndwidth  and  filter 

period  for  acc  irate  recording  of  bendshape.  There  is  a  particular  difficulty  in  the 
650  nm  region  where  a  Wood's  anomaly  causes  poor  baseline  correction.  The  scan 
rate  should  not  exceed  1  nm; sec  per  SBW  (nm'/  per  second  period. 

’4’  ....CHART  DISPLAY 

The  chart  recorder  may  be  used  on  any  setting  during  da'a  acquisition. 

’5’  . REFERENCE  MODE 

The  instrument  is  normally  used  in  ALTO  S!  1  HT  mode  to  show  full  wavelength 
coverage  with  both  lamps  and  both  detectors.  However.  ALTO  GAIN  and  ALTO 
SLIT  modes  may  also  be  used  for  wavelength  scans.  The  wo.kir.g  range  for  three 
depends  on  the  detector  mode  selected.  ALTO  GAIN  msy  be  used  above  100  nm 
with  the  PVt  Tube  if  the  UV/VIS  detector  modes  i$  selected.  ALTO  SLIT  mode 
esn  he  uaed  for  the  fuil  instrument  range  (115-3152  nm).  The  reference  mo.ie  for 
data  acquisition  must  match  that  used  for  the  Baseline  scan  SINGLE  ML  AM  mode 
is  not  valid  for  waveiengih  scans  and  it  intended  only  for  instrument  adjustment* 


’6’  . SBW  (nm),  GAIN 

This  selection  allows  setting  of  either  the  SBW  or  GAIN  depending  on  whether  the 
CARY  is  operating  in  ALTO  GAIN  or  ALTO  SLIT  mode  at  the  current 
wavelength.  The  actual  operating  mode  for  ALTO  SELECT  reference  mode  is 
determined  by  the  wavelength  and  detector  select  mode  These  are  checked  hy 
CARYSPEC  to  determine  the  correct  prompt  and  instrument  command. 

7*  _ PEN  FUNCTION 

The  pen  operates  independently  of  the  raw  spectrophotomemc  data  sent  via  the 
IEEE-483  bus  to  aa  external  computer  and  may  operate  in  any  valid  mode  during 
dau  acquisition.  The  Ordinate  choice  determines  which  modes  are  valid  and 
inappropriate  selections  are  masked  by  CARYSPEC.  However,  it  is  perfectly  feasible 
to  draw  a  second  derivative  spectrum  while  acquiring  data  via  the  IEEE-488  bus. 

*8’  .....PEN  LIMITS 

This  selection  allows  for  setting  the  range  and  offset  for  all  valid  Ordinate  modes. 
The  NORMAL  mode  pen  limits  are  selected  via  the  Parameter  and  Variables 
Tables.  The  %T  mode  has  a  minor  bug  for  the  200  %T  scale.  If  a  previous 

choice  has  set  a  non  zero  offset  this  will  not  ba  correctly  reset  to  0  %T  is 

expected  since  the  %T^,  variable  a  masked  off  by  the  CARY  on  the  200  %T 
scale.  Similarly,  the  Temperature  zero  offset  parameter  can  not  be  changed  by  an 
external  computer,  though  the  setting  it  read  by  CARYSPEC.  A  non-rero  offset 
entered  from  the  instrument  keypad  will  be  displayed  but  o«.‘v  .ne  range  can  be 

set  by  CARYSPEC.  The  Derivative  and  Log(Abs)  mode  limits  are  handled  bv 
parameter  table  selection  with  special  handling  of  the  indexing  to  prevent  use  of 
invalid  setunp  a  the  CARY  firmware  table. 

*9 ’  . RESPONSE  TIME  (sec) 

Thie  selection  allows  the  filter  period  to  be  set  to  0  5.  I,  i  or  10  seconds 
During  the  recording  of  a  dateline  the  period  should  be  set  to  0  5  seconds  for 

maximum  fidelity  in  the  6J0  nm  region  whera  there  it  a  Wood's  anomaly  Failure 
to  obaerve  the  wan  rate,  filter  period  and  SBW  limitations  will  results  m  improper 
baseline  corrections  Higher  period  settinp  can  be  used  on  subsequent  spectra  with 
little  prejudicial  effect. 


*10’ . BEAM  INTERCHANGE 


This  selection  allows  the  front  and  rear  light  beam  paths  to  be  interchanged 
between  the  sample  and  reference  channels  for  special  applications,  such  as  the 
diffuse  reflectance  accessory. 

TT . SLIT  HEIGHT 

This  selection  is  not  valid  -  it  is  a  READ  ONLY  parameter  for  the  manual  sin 
height  setting. 

’X’  . EXIT  Instrument  Menu 

This  selection  performs  a  return  to  the  main  MENU. 

LAMP: 

This  subsidiary  menu  reads  and  reports  the  current  status  of  the  lamp  and  detector 
operating  modes.  The  selections  are: 

T  . LAMP  POWER 

Normally,  the  instrument  a  operated  with  this  parameter  set  to  BOTH  ON 
enabling  the  complete  wavelength  range  to  be  covered.  However,  the  L'V  or 
VTR/NIR  selections  may  be  made  to  prolong  the  life  of  a  lamp.  CARYSPEC  does 
not  automatically  turn  on  lamps  aa  required  for  a  par.icuiar  scan. 

T  . LAMP  SELECT 

For  complete  coverage  of  the  wavelength  range  133-31 52  nm  this  parameter  must 
be  in  the  ALTO  select  mode,  which  will  result  m  a  lamp  change  at  310  nm.  The 
range  covered  by  the  individual  lamps  may  be  ettended  -  up  to  100  nm  for  the 
Dj  lamp  (L'V',  md  down  to  2'0  nm  for  the  tungsten  lamp  (V.S  NIR)  However, 
no  lamp  change  will  then  be  made.  CARYTPEC  provides  error  checking  for  the 
latter  two  mode*  to  prevent  positioning  the  monochromator  outside  the  valid 
wavelength  limits  once  this  would  result  in  the  instrument  lurmng  OFF  the  current 
baseline.  Recovery  from  such  a  state  involves  repositioning  the  monochromator  ind 
using  (he  ON  SETLP  selection  for  Baseline  Status  in  the  Baseline  Setup  menu. 

’3*  . EXIT  TO  men:; 

Thus  selection  returns  (o  the  ADVANCED  menu 


ACCESSORY. 


The  CARY  23  90  has  two  installed  accessories  programmable  by  an  external  computer. 
The  selections  are: 

T  TEMPERATURE  READOUT 

This  selection  should  normally  be  turned  ON'  so  that  subsequent  data  files  are 
stored  with  the  correct  temperature  (a  reading  of  2.55  is  passed  by  the  CARY  with 
the  accessory  OFF).  If  this  selection  is  made  and  turned  ON  a  further  menu  will 
be  presented  for  selection  of  the  temperature  range.  This  only  affects  the  pen 
scaling  with  TEMPERATURE  as  the  Ordinate  or  Abscissa  -  not  valid  modes  for 
data  acquisition  in  CARYSPEC.  Thus,  selecting  100  degrees  is  recommended. 

*2*  . PRINTER 

This  selection  allow*  the  user  to  setup  the  thermal  strip  printer  to  provide 
instrument  reading*  at  selected  intervals  during  a  scan  (1  poinbsec  max.).  While 
the  selections  include  WAVELENGTH,  TIME  and  TEMPERATURE  the  latter  two 
are  not  valid  scan  modes  in  CARYSPEC. 


STORE: 

Thu  portion  of  CARYSPEC  provides  the  data  file  storage  routine.  On  entry  to  this  code 
CARYSPEC  checks  that  a  spectrum  has  been  acquired  and  has  net  vet  been  stored. 
Otherwise,  the  program  returns  to  the  main  MENU.  After  this  validation  the  program 
will  present  a  series  of  prompts  for  Filename  and  Directory  information,  wh.ch  are  then 
used  to  build  a  Pathname  and  to  check  that  such  a  file  does  not  already  exist  in  the 
ipecified  directory.  If  the  filename  is  valid  the  user  will  be  prompted  for  the  LABEL, 
DATE,  CONCENTRATION  fM)  and  PATULENGTH  (cm)  file  descriptors  followed  bv 
d.sk  file  storage  The  data  fie  .a  stored  in  the  following  format  given  in  Table  U. 


EXIT: 

This  final  portion  of  CARYSPEC  checks  (hat  any  tpectrum  in  memory  has  been  stored 
ind  prompts  for  confirmation  before  allowing  the  user  to  terminate  the  program.  On  exit 
the  oxer  may  elect  to  set  the  CARY  2290  to  standby  mode  if  no  further  spectra  will  be 
acquired 


:o 


TABLE  II 


Data  File  Format 


Line 

File  Variables 

Format  Type  d 

1 

TITLE 

CHARACTER  (A72) 

2 

DATE 

CHARACTER  (AS) 

3 

XMIN.XMAX.XSTEP.CONC.PATH 

REAL  (•) 

4 

ORD.A3SC.CELL.CYCLE.SAMPLE. 

WAVE.TIMER.TEMP  ,DIST 

REAL  (*) 

5 

J.K.N  ARRAY 

INTEGER  (13. 13. 16) 

6-54 

PARAM(I) 

INTEGER  (12) 

55 

VARIABI-E(I) 

REAL  (•) 

56-/ 

Y(T> 

REAL  (*) 

i—to{ 

W) 

REAL  (•) 

a:  {•)  indicates  free  field  format 


- 1 


2.3  BLOCK  DATA: 


.AH  COMMON  variables  used  by  CARYSPEC  are  heid  in  named  COMMON  blocics  and 
initialized  in  BLOCK  DATA  immediately  following  the  mam  program  unit.  Tie  compiler 
directive  >  NO  ALLOCATE/  is  used  to  ensure  that  only  one  block  of  memory  s  set  i>ide 
during  the  muiti-ievei  segmenution  of  CARYSPEC.  The  variables  contained  within  the 
COMMON  blocks  are.  listed  below: 

MODE/  Contains  COMMON  INTEGER  variables 

NDATA  Number  of  data  points  in  a  scan 
Value  set  in  main  program 
Value  used  in  SUBROUTINE  Acquire 

Value  stored  in  NARRAY  in  main  program  for  disk  data  file 

XMODE  Specifies  abscissa  mode  for  selecting  length  of  data  field 
Value  set  in  main  program 

Value  used  in  SUBROUTINE  Acquire  as  index  for  local  in-ay  XOFF 

YMODE  Specifies  ordinate  mode  for  selecting  length  of  data  field 
Value  set  in  main  program 

Value  used  in  SUBROUTINE  Acquire  as  index  for  local  array  YOFF 


CARY/  Contains  COMMON  REAL  variables 

ORD.  AiiSC.  CELL,  CYCLE,  SAMPLE,  WAVE.  TIMER.  TEMP  DIST 
Values  correspond  to  the  9  instrument  readings  vent  dunrg  scan 
Values  set  in  SUBROUTINE  Acquire 
Values  used  m  main  program 
Values  stored  m  disk  data  file 


/IP/ 


Contains  COMMON  INTEGER  arravs 


NPAR  Specifies  the  number  of  sellings  for  each  instrument  parameter 
DIMENSION  =  49 
Vaiues  set  in  3LOCX  DATA 

Values  used  by  SUBROUTINE  Seiect  for  changing  instrument  settings 

OFFSET  Species  the  index  offset  in  the  parameter  table 
DIMENSION  =  49 
Values  set  in  BLOCX  DATA 

Values  used  in  SUBROUTINE  Seiect  for  changing  instrument  settings 


/IS/  Contains  COMMON  CHARACTER  string  arrays 

Paame  Specifies  the  names  of  instrument  parameters  for  screen  display 
DIMENSION  *  (49)«10  characters 
Values  set  in  3LOCX  DATA 
Values  used  in  SUBROUTINE  Select 

Vname  Specifies  the  names  of  instrument  variables  for  screen  display 
DIMENSION  »  (49)*8  characters 
Vaiues  vet  in  BLOCX  DATA 

Values  not  used  ;n  current  version  {for  future  use) 


2.4  SUBROUTINES: 


CARYSPEC  uses  suorouunes  to  perform  specific  tasks  which,  with  one  exception,  are 
required  more  than  once.  Terminate  is  setup  as  a  subroutine  solely  for  clarity  of  mam 
program  execution.  The  purpose  and  calling  sequences  are  listed  below: 


Acqiure(Irx, PRINT, SINGLE,  WAVELENGTH) 

Performs  real  time  data  acquisition  from  the  CARY  2390  in  two  modes, 
single  point  for  updating  the  current  monochromator  position  and  scan  mode 
at  Inc  (am)  steps.  COMMON  variables  XMODE,  YMODE  and  N’DATA 
select  the  correct  data  string  format  for  the  Abscissa  and  Ordinate  modes 
selected  by  the  main  program  unit  and  the  number  of  data  points  required 
in  the  scan.  The  scan  mode  stores  each  Abscissa  and  Ordinate  value  in 
EMA  COMMON  arrays  X  and  Y.  COMMON  3 LOCK  /CARY/  returns  the 
final  set  of  readings  to  the  main  program  unit  for  data  file  storage. 

MODE'  INTEGER  XMODC, YMODE. NDATA  input  variables  control  acquisition 

/CARY/  REAL  ORD.ABSC.CELL.CYCLE^AMPLE.WAVB.TIMER.TEMP  DIST  output 

DaTA /  REAL  arrays  X.Y  hold  Abscissa  and  Ordinate  values  for  output 

Inc  CHARACTEKM  variable  Input  which  specifics  the  interval  (nm) 

PRINT  LOGICAL  variable  input  which  turns  screen  output  ci/off  during  scan 

SINGLE  LOGICAL,  variable  input  wnich  selects  single  datum  or  scan  mode 


WAVELENGTH 

REAL  variable  output  for  single  datum  mode 

CALLED  BY  Mam  program  unit  only 

<  ALIN  'iLDROLTINE  Val 


U-Wrf)  ‘'P/VP  V3HV  !VllN3y3ddia 


DISTANCE  FROM  INTERFACE  (nm) 


CRYSTAL 

SUBSTRATE) 


Bline(W’MIN,WMAX,Bdet,Bgain,Blamp,Bp€riod,Brate.Bref,Bsbw  Bslit.Bscan.Btime. 


MATCH,MODE) 

WMJN.WMAX 

Bdct 

3  gam 

BUmp 

3period 

Brate 

Bref 

Bsbw 

Biiit 

Bscaa 

Btime 

MATCH 

MODE 


Performs  a  Baseline  Setup  by  sending  a  list  of  instrument  parame 
requests  to  the  CARY  2390.  Validation  of  the  instrument  settings 
performed  by  the  main  program  unit  before  calling  Bline. 

Wavelength  limits  passed  from  main  program  unit 

CHARACTER*!  variable  input  to  select  detector  mode 

CHARACTER*4  variable  input  to  set  gain  value 

CHARACTER*  1  variable  input  to  select  lamp  mode 

CHARACTER*!  variable  input  to  select  period  setting 

CHARACTER*!  variable  input  to  select  scan  rate  setting 

CHARACTER*!  variable  input  to  select  reference  mode 

CHARACTER**  variable  input  to  set  SBW  value 

CHARACTER*!  variable  input  to  match  physical  slit  height 

CHARACT E R*  1 4  variable  input  for  screen  display  of  scan  rate 

CHARACTER*!*  variable  input  for  screen  display  of  period 

LOGICAL  variable  TRUE,  on  entry  and  e*it  unless  scan  aborted 

INTEGER  variable  input  to  specify  AUTO  GAIN'SLIT  mode 


15 


1 


Center(TITL£) 

Prints  a  string  on  the  user  console  centred  within  a  72  column  line. 

TITLE  CHARaCTER*72  string,  contents  set  by  calling  unit 

CALLED  BY:  Main  program  unit,  SUBROUTINE  Select,  SUBROUTINE  31ine  and 
SUBROUTINE  Acquire 
CALLS:  None 

GOTO(Wlength) 

Performs  the  same  function  as  the  Key  Pad  GO  TO  WLNGTH  on  the 
instrument  to  enable  repositioning  of  the  monochromator  to  a  specified 
wavelength.  Error  trapping  for  illegal  or  inappropriate  settings  is  performed 
by  the  main  program  unit  and  no  negative  reply  is  tested  for. 

Wlength  CHARACTERS  variable  input  from  the  main  program  unit 

CALLED  BY:  Main  program  unit  only 

CALLS:  SUBROUTINE  Send.  SUBROUTINE  Instats 

EXTENSION:  LENfrrri/tg)  function,  HP  extension  to  FORTRAN  77 

Instats(Slew,...,Windex) 

Performs  a  request  for  current  instrument  status  from  the  CARY  23^0.  Slew 
is  used  to  determine  if  the  monochromator  ls  still  in  motion.  The  other 
variables  are  not  used  in  this  version.  No  negative  reply  is  issued  by  the 
CARY  for  this  command. 

Slew, Model, Ncell, Range,  Wlndex 

CHARACTER*!  variables  passed  back  to  calling  unit 

CALLED  BY:  Mam  program  unit,  SUBROUTINE  GOTO 
CALLS:  None 


i 

a 

9 

1 

| 

a 

i 

i 

i 

i 

a 

i 

a 
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I 


Lixnits(MIN,MAX) 

Reads  entries  for  the  wavelength  limits  from  the  user  console,  swaps  the 
entries  if  necessary  and  validates  the  entries  against  the  instrument  limits 
(185  -  3152  am).  The  values  are  then  rounded  to  whole  digits. 

MEM, MAX  REAL  variables  passed  back  to  main  program  unit 

CALLED  BY:  Main  program  unit  only 
CALLS:  None 


Line(N) 

Prints  a  line  of  characters  to  the  user  console  N  columns  wide  and 
centred  within  a  72  column  line. 

N  INTEGER  variable  input  from  calling  unit 


CALLED  BY:  Main  program  unit,  SUBROUTINE  Select.  SUBROUTINE  Bline  and 
SUBROUTINE  Acquire 
CALLS:  None 


Panable(PARAM) 

Performs  a  request  to  send  the  parameter  table  from  the  CARY  2390  and 
processes  the  reply  to  update  the  program’s  list  of  current  instrument  settings 
held  in  the  integer  array  PARAM.  No  negative  reply  is  issued  by  the  CARY 
for  this  command. 


PARAM  INTEGER  array  output  which  holds  the  instrument  parameter  lettings 
DIMENSION  «  49,  values  set  by  CARY  and  SUBROUTINE  Select 


CALLED  BY:  Mam  program  unit  only 
CALLS:  None 


Seiect(N,PARAM,?str) 

Performs  selection  of  available  instrument  settings  for  parameter  N.  Calls 
SUBROUTINE  Send(Command)  to  set  new  parameter  values.  Negative  replies 
are  not  tested  since  the  parameter  table  values  are  read  again  on  return  to 
the  main  program  menus  calling  Select.  A  special  fix  has  been  added  for 
Derivative  modes  to  use  only  valid  selections  from  PARAM(ll)  and  Pstr(U). 

N  INTEGER  input  value  (1  -  49)  representing  parameters  0-48 

PARAM  INTEGER  array  input  of  current  instrument  parameter  settings 

DIMENSION  *  4r  used  to  detect  special  case  indexing  for  Pstr 

Pstr  CHARACTER  string  array  containing  ail  selections  for  parameters 

DIMENSION  *  (49,16)*14  characters,  41-49  not  used  in  this  version 

'IP/  INTEGER  arrays  NPAR, OFFSET  used  to  select  index  number  for  Pstr 

/IS/  CHARACTER  array  Pname  containing  the  names  of  each  parameter 

DIMENSION  *  (49)*10 

INDEX  INTEGER  array  of  valid  index  values  for  Derivative  modes 

DIMENSION  ■  11,  uses  local  data  for  indices  to  PARAM(U) 

Sc  nd(  Command) 

Performs  an  IEEE-488  WRITE  to  the  CARY  2390  to  send  a  string 
command  to  the  instrument  and  t*  read  the  reply.  Negitive  replies  are  not 
checked  using  thu  routine.  Commands  art  either  validated  before  calling 
Send  or  parameters  and  variables  are  read  afterwards  to  check  the  results 
from  Send. 

Command  CHARACTER  variable  holding  an  ASCII  string  command  for  CARY 
DIMENSION  *  variable,  set  by  calling  unit. 

CALLED  BY  Mam  program  unit,  SUBROUTINE  Select.  SUBROUTINE  GOTO 
CALLS .  None 

Id 


Str(  VALUE, String, PREC) 

Performs  a  conversion  from  numeric  value  to  a  string  number  for  floating 
point  numbers  only  with  up  to  12  digits  precision.  This  is  more  man 
required  by  the  CARY  2390. 


VALUE 


Siring 

PREC 

CALLED  BY: 
CALLS: 


REAL  variable  input  to  be  processed  by  the  routine 

CHARACTER*14  string  output  corresponding  to  VALUE 

INTEGER  variable  input  to  set  the  rounding  precision  for  string 

Main  program  unit,  SUBROUTINE  Bline 
None 


Terminate 

Performs  an  IEEE-4  &8  WRITE  to  UNTALK  the  CARY  2390  and  terminate 
real  time  transmission  mode. 

CALLED  BY:  Main  program  unit  only 

CALLS:  ABRT(35.3)  an  EXTERNAL  class  system  level  routine 

This  function  sends  the  UNTAJJG'UNLISTEN  characters  ’  ?* 


Upper(Code) 

Performs  a  check  for  'ower  case  characters  in  a  string  of  arbitrary  length 
and  converts  to  upper  case  if  necessary. 

Code  CHARACTER  variable  passed  into  routine  and  UPPER  case  on  exit 

DIMENSION  ■  arbitrary,  set  by  calling  unit 

CALLED  3Y:  Main  program  unit,  SUBROUTINE  Bline 
CALLS:  None 


Vai(String,  VALUE) 

Performs  a  conversion  from  string  to  numeric  value  for  a  string  number 
containing  up  to  10  digits.  .as  is  more  man  required  by  the  CARY  2390. 

String  CHARACTER  string  input  to  be  processed  by  routine 

DIMENSION  =>  arbitrary,  set  by  calling  unit 

VALUE  REAL  variable  output 

CALLED  BY:  Main  program  unit,  SUBROUTINE  Variable,  SUBROUTINE  Acquire 

CALLS:  None 

Vanab!e(  VARIABLE) 

Performs  a  request  to  send  all  14  instrument  variables  and  processes  the 
replies  to  update  the  program’s  list  of  current  values  held  in  the  floating 
point  array  VARIABLE.  Negative  replies  from  the  CARY  are  not  tested  in 
tins  routine  since  illegal  requests  are  not  issued  by  Variable. 

VARIABLE  REAL  array  output  which  holds  the  instrument  operating  variables 
DIMENSION  »  14,  values  set  by  CARY  and  main  program  unit 

CALLED  BY:  Main  program  unit  only 

CALLS:  SUBROUTINE  Vai 

Wait(DELAY) 

Performs  a  loop  which  tests  the  system  clock  until  DELAY  seconds  have 
elapsed.  The  routine  does  not  mane  provision  for  the  special  case  at  the 
transition  to  2400  hours. 

DELAY  REAL  variable  holding  the  value  of  the  delay  period  in  seconds 

CALLED  BY  Main  program  unit  ind  SUBROUTINE  3llne 

CALLS:  FUNCTION  Timet  I) 


'() 


2J>  FUNCTIONS: 


CARYSPEC  uses  only  one  function  subprogram  that  makes  an  EXEC  c:  il  to  read  the 
system  time. 

TLme(I) 

Performs  an  EXEC  call  to  read  the  system  dock  and  converts  the  reading  to 
seconds  and  centiseconds. 

!  Dummy  argument 

CALI  .ED  BY:  SUBROUTINE  Wait  only 

CALLS:  EXEC(ICODE.mME)  system  level  command 


PROGRAM  CODE 


3.0  Source  Code  Availability: 

The  source  code  for  program  CARYSPEC  Is  an  S3K  ASCII  text  Hie  available  on  either  a 
Hewlett-Packaid  cartridge  tape  or  an  IBM  360K  format  floppy  disk.  All  requests  should  be 
accompanied  by  ’he  blank  medium  desired.  A  printed  copy  of  the  source  code  is  listed  below 


3.1  Variable  Names  And  Usage: 

A  complete  listing  of  the  INTEGER.  REAL  and  CHARACTER  variables  for  the  MAIN 
segment  of  CARYSPEC  is  given  be'ow  in  Tables  III.  IV  A  V,  respectively  The  subroutines 
use  the  same  names  as  the  main  program  for  the  same  variables.  Additional  vanal  lei  m  the 
subroutinea  and  simple  integers,  I-N.  are  not  documented  since  their  usage  >s  rather  obvious 
The  logical  variables  MATCH.  P°!NT,  SINGLE  and  TRANSFER  are  used  within  the  ptogrim 
to  control  conditional  branching  MATCH  >a  related  to  RI.tX'K  IF  tests  for  matching  of  ihe 
baseline  and  specrum  parameters  PRINT  controls  whether  lata  will  be  printed  to  'he  onsoie 
screen  Junng  data  acquisition  '.INGLE  controls  the  operation  of  Acquire  to  update  trie 
wavelength.  TRANSIT R  >s  used  >r  special  branching  to  reuse  portions  of  code 


Table  III 


Glossary  of  INTEGER  Var.abies 


Name 

Description 

Value 

ACCESSORY 

Assigned 

Label 

-  Accessory  Setup  Menu 

SCO 

advanced 

Assigned 

Label 

-  Subsidiary  Functions 

350 

baseline 

Assigned 

Label 

-  Baseline  Setup  Menu 

200 

exit 

Assigned 

Label 

-  Terminate  Program 

■300 

INSTRUMENT 

Assigned 

Label 

-  Read  Cary  Settings 

390 

LAMP 

Assigned 

Label 

-  Lamp  A  Detector  Modes 

570 

MENU 

Assigned 

Label 

-  Main  Control  Menu 

10 

PARAMETERS 

Assigned 

Label 

-  Instrument  Setup  Menu 

400 

SPECTRI IM 

Assigned 

Label 

-  Acquire  Spectrum 

90 

STORE 

Assigned 

Label 

-  Store  Disk  File 

'00 

ASCII 

ASCII  code  foe 

a  command  output 

>  4* 

MODE 

Controls 

the  selection  of  AUTO  GAJN'SLT 

0,1 

N  ARRAY 

Number 

of  data 

points  in  spectrum  -  Hie 

1 -10001 

NCOL 

N  urn  br  r 

of  screen  columns  in  menu  display 

50--0 

NDATA 

Number 

of  data 

points  in  spectrum  -  Acquire 

1  -10001 

PR  EC 

Prec  ision 

for  roundmg  function  n<  Sir 

3.4 

XMODE 

Selects  abscissa 

data  format  in  Acquire 

1 

YMODE 

Se'ects  ordinste 

data  format  in  Acquire 

i 

NPAR(49) 

Number 

of  settinp  for  each  parameter 

1  -16 

OFFSETS) 

!nde*  offset  for 

parameter  settings 

0-11 

P  ARAM  (4')) 

Instiument  operating  modes  tsble 

1-16 

Table  IV 


Glossary  of  REAL  Variables 


Name 


Description 


ORD 

A3SC 

CELL 

CYCLE 

SAMPLE 

wave 

TIMER 

DIST 


Final  ordinate  value  returned  by  Acquire 
Final  abscissa  value  returned  by  Acquire 
Final  cell  •  value  returned  by  Acquire 
Final  cycle  »  value  returned  by  Acquire 
Final  sample  »  value  returned  by  Acquire 
Final  wavelength  value  returned  by  Acquire 
Final  time  valu  returned  by  Acquire 
Final  disunce  value  returned  by  Acquire 


BAND 

CCNC 

Gain 

NUMBER 

PATH 

PM  IN 

PMAX 

RATE 

RATIO 

$?r.cn  and 

SPF.CGAIN 

STEP 

WAVELENGTH 

WVtIN 

WMAX 

XMIN 

XMAX 

xr,  rr.p 

ZERO 


Spectral  Bandwidth  (nm)  -  ALTO  GAIN  mode 
Concentration  of  sample  (M)  -  file  variable 
Instrument  pin  -  AiJTO  SLIT  mole 
General  purpose  data  entry  variable 
Pathiergth  of  sample  cell  (cm)  -  fie  variable 
Pen  scale  minimum  limit 
Pen  Kale  maximum  limit 
Numeric  equivalent  cf  scan  rate  parameter 
Variable  for  lata  rate  A  slit  gam  checks 
F  ie  variable  for  SBW  (nm)  at  (nm) 

F;>  variable  for  GAIN  at  (nm) 

Numeric  value  of  step  size  (nm)  interval 
Current  monochromator  position  (nm) 

Requested  ending  wavelength  for  Kan 
Requested  starting  wavelength  for  Kan 
f  it  variable  for  WMIN 
I ue  variable  for  WMaX 
F-.le  variable  for  STEP 

Pen  Kate  offset  variable,  'SrT  and  Denv  modes 


VARIAULE(M)  Instrument  operaung  conditions  table 

X(lOOOl)  Wavelength  array 

YM0001)  Absorbance  or  ST  array 


Table  V 


s 


Glossary  Of  CHARACTER  Var:aD»es 


Name 


Description 


Screen  Control: 


BELL 

CLR-2 

DOWN*: 

ESC 

HOME-2 

UP-2 

Instrument  Status: 


CHAR(7)  bell  character 
Gear  screen 

Move  cursor  Sown  1  line 
CHAR(271  escape  character 
Mo'.e  cursor  jo  upper  right  comer 
Move  cursor  up  1  line 


Bdet 

Baseline 

detector  mode 

Bgam-4 

Baseline 

gam  setting 

Bgbw-4 

Baseline 

SBW  or  CAIN,  depending  on 

BUrap 

Baseline 

lamp  mooe 

Bmin-4 

Baseline 

ending  wtvelengtli 

Bmaa-4 

Baseline 

•tarung  wavelength 

B  period 

Baseline 

filter  setting 

Brate 

Baseline 

scan  rate 

Biow-4 

P.-'seline 

spectral  bandwidth 

Biiit 

Baseline 

slit  height 

Odet 

Previous 

spectrum  detector  mode 

O  gam-4 

Prenous 

spectrum  gun  setting 

(Jlamp 

Previous 

spectrum  tamp  mode 

Omm-4 

Previous 

s^ct.-urn  ending  wavelength 

Om*i-4 

Previous 

spectrum  starling  wavelength 

Ope  nod 

Previous 

ipectr'im  filter  setting 

Orate 

Previous 

ipectrum  v  an  rate 

Osbw-4 

Previous 

spectrum  spectral  bandwidth 

Oslit 

Pre  mom 

spectrum  slit  height 

Sdet 

Spectrum 

detector  mode 

Sgnn-4 

Spectrum 

gsm  setting 

SUmp 

Spectrum 

lamp  mode 

Smm-4 

Strectrum 

ending  wavelength 

Smaa-4 

Spectrum 

starling  wavelength 

S  period 

Spectrum 

filter  vetting 

Srate 

Spectmm 

scan  rate 

Ssbw-4 

Spectrum 

ipectral  bandwidth 

'Will 

Spectrum 

sid  height 

1 

a 

a 

a 

a 

a 

a 

a 

a 

a 

i 


u 


9 


iMR 

Ir^tn^ner.t  Control: 

Accon*3 

T^rn  accessory  :n  com.-runa 

1 

Acccrf’3 

7-rn  accessory  off  :  err..--,  and 

I 

Aut.ooa.’a 

Perform  i.n  ra.ar.ee  o  :ero  reading 

C0fli!TjW« 

Str.r.g  5l‘  r»:j  .-ment  commands  :o  CARY 

CSM 

r.eccsum  character  for  oau  transmission 

31iu:*S 

Read  basedne  status  parameter  command 

InstrM 

Reca.l  .nstrument  setup  menu  dtspiav 

Key*  2 

Press  key  command 

Locc*4 

hoc x  ice  •.  ooa  rd  csirma r. J 

Mtsson*3 

Send  message  to  ..te  4  of  CaRY  dispiav 

Messotf*4 

Gear  message  from  CARY  display 

Par*3 

Read  pararre.er  command 

?jr?ct*2 

Change  parameter  command 

Ready*  4 

Re  ease  CARY  from  stand  bv  mode 

i 

Resportse*64 

String  for  repiy  messages  from  CaRY 

Setup*4 

Record  trader  setup  command 

Stand  by*4 

R'a^e  CARY  In  standby  mode 

§ 

Surt*4 

Issue  a  start  command 

1 

StCp*4 

Issue  a  stop  command 

String*!  4 

String  to  pas*  data  to  or  from  subfoutines 

L'niock*4 

Unlock  keyboard  command 

Var*3 

Read  varvaote  command 

j 

j 

\  arset*3 

Change  vanaoie  command 

A 

Program  Control: 

Acce«i5)*4 

Access or>  statu*  (OFF,  ON) 

| 

A»Ut*10 

Auto  ba.arxe  tutu*  CFr,  SET) 

1 

3scan*)4 

Scan  rate.  Base; me  screen  output 

3sui*)  0 

rUse.oe  sutva*  .OFF  ON,  CN  MATCH) 

j 

4 

t  her  perod.  Baseline  screen  output 

i 

C  >K 

Menu  seiecuon  vjna.Ne 

% 

Icode 

Par  a. me  ter  setting  ,n  A'.C.I  formas 

k 

r  •:  ode 

.’jrtmeter  numoer  .n  A>CfI  ,  rmat 

F 

jp, 

?ym»f  4‘))*J  0 

T a  '•«  ol  names  for  .-acn  parameter 

P'  nijrA  ;•  1  2 

Pent er  operating  mode 

!» 

•:  4 

.  »•  *  f  -.am**  i\it  »ach  parameter  setting 

| 

V.:a,*l  ) 

•  *  t  .m  cat. a  f.Fr  At  'p'i')  srryt;  R; 

’•  '  "  (  t<>  •><  print*.!  to  scre*n 

I 

Vnam* :  4  ,*• 

.  4  f  :i  n«irr»^n  r  ir  pi<  h  -HfuN* 

y 

y 

A’ength*7 

Ajv*;*r  j'.is  n  A.t':!  format  for  CO  TO 

F-.lc  Storage: 

1 

1 

DATE** 

hat*  r.  unsitry  format 

1 

Diffctory**0 

f  f*ctorv  pathname 

if 

F  n  a  me  *20 

’  'ename  and  *»t*ntion 

'M7:aj:,*: 

\  #  'f  Pi'.rntmn  % « i 

i 

Is 

'•am** :  'i 

f  vt!  limit 

i 

O  .at  f  ) 

1  mpi*‘*  pathname  f or  V* 

Jl.: 

v  • 

/'  Jr.$ 

)■; ; 

A 

JlG 

V -j 

fci 

i 

AUTHOR :  Dr  Robert  A  31 n*  t  ead . 

Chemistry  Division,  Cod*  6125. 
Naval  Research  Laboratory, 
Washington.  D.C.  20375-5000 


1  4 
j  il 


FTN^X . L 
£  FILES  3 
$  ALIAS 


S  AL  I  AS  MODE/  ,  NOALLCC.ATE 
SAL  I  AS  CARY/  ,  N'OALLOCATE 


£  AL : AS  ,  1  ?  , NCALLOCATE 
.  AL I  AS  IS  , N GALL OCA T E 
S LMA  / DATA/ 

C 

C  ***•»»*<-*★*♦*•*»♦*■ 

c 

PVCCRAW  caryspec 


*  Setup  Ine  Disk  1,0  file 

*  BLOCK  DATA  Ho  1 4s  Values  Of  Same  1 
C£R  fMCN  Var*.  anies  So  Don't  Allorac, 
Mefflorv  F  ;r  Tt.ese  Here  -  SCMTR  A : 


create  *e  me  r ■ 


>r  i.’iese  As 


!  *  Us*  E.MA  Space  Fcr  Large  Data  Arrays 


This  Program  Is  Designed  To  Control  Data  Acquisition  From  The 
CARY  2390  UV-V1S-NIR  Spec  t  ropr.o  t  orac  t  *  r  Via  Th*  IEEE-483  Bus- 

Th*  CARY  2390  !s  Addressed  As  Device  »3  On  Th*  IEEE-488  Bus 


a  ij 


The  HP  '000  is  Configured  To  Operate  Th*  IEEE-488  Bus  In  ASCII 
Data  Record  Mode  With  Auto  Addressing  Enabled.  Th*  Bus  Occupies 
Logical  Unit  Addresses  35  -  38  (Device  Addresses  0-3)  LU  38 
Controls  Th*  CARY  2390  And  L'J  35  Is  Used  To  Issue  Bus  Commands 


WRITTEN:  December,  1986  -  January.  1987 


VERSION:  1,7 


REVISED:  March,  WC 


May,  ,987 


Modified  to  store  Absctssa  (X)  array 
after  Ordinate  1 Y )  values  to  prevent 
,1  a  t  a  file  corruption  In  t  he  event  if 
missed  data  point.,  during  mu  I  t  1  use  r 
sessions  where  t he  HP  1000  can  not 
keep  up  *t i h  data  transmission  rat* 

Modified  MATCHING  criteria  between 
Spectrum  A  Baseline  to  omit  checks 
nn  Scan  Rat*  4  Period.  This  allows 
the  Hi selin*  scan  to  b*  taken  under 
conditions  for  t  tie  best  correct,  >n 
•if  Instrumental  artifacts 
On  MISMATCHED  BAStLINE  detection  (lie 
program  will  collect  a  new  baseline 
»ith  instrument  parameters  specified 


55  C 

56  C 

57  C 

58  C 

59  C 

60  C  June,  1987: 

61  C 

62  C 

63  C 

64  C 

65  C 

66  C  August,  1937: 

67  C 

68  C 

69  C 

70  C 

71  C 

72  C 

73  C 

74  C  November , 1987 : 

75  C 

76  C 

77  C 

78  C  January,  1988: 

79  C 

80  C 

81  C 

82  C 

83  C 

84  c 

85  C 

86  C 
37  C 
88  C 
8?  C 

90  C 

91  C  February ,! 988  : 

92  C 

93  C 

94  C 

95  C 

96  C 

97  C 

98  C 

99  C 

100  C 

101  C 

102  C 

103  C 


for  the  spectrum  except  for  PERIOD 
and  SCAN  RATE  which  revert  to  those 
for  the  previous  baseline  scan. 

Altered  data  storage  routine  to  use 
default  or  specified  cartridge  * . 

Modified  Filename  convention  to  match 
the  use  of  Directory  Paths  in  the 
new  Cl  operating  system. 

Segmented  the  program  using  SCMTR 
to  fit  within  Cl's  smaller  boundary. 

Eliminated  INQUIRE  statement  for  FILE 
EXISTS  or  FILE  OPEN  check  since  this 
caused  a  memory  protect  error  in  the 
segmented  versions  if  the  filename 
was  already  in  use.  These  checks  are 
made  using  the  IOSTAT  number  returned 
by  the  OPEN  statement  instead. 

Altered  updating  of  Variables  Table 
so  that  SBW  at  Smin  and  CAIN  at  Smax 
are  stored  in  Data  File. 

Placed  All  COMMON  Variables  In  Named 
CCAWON  Blocks  To  Prevent  Them  From 
Being  Re- i ni t la  1 i zed  On  Calls  To  Other 
Nodes  Of  The  Multi-Level  Segmentation 
Explicitly  Specified  Allocation  Of 
BLOCK  DATA  memory  Using  NOALLOCATE 
Compiler  Directives. 

Eliminated  Overwriting  Of  Data  File 
Variables  By  The  Wavelength  Reading 
Routine.  The  CALL  To  Acquire  Has 
Been  Augmented  To  Bypass  The  Usual 
Spectral  C0**4ON  Variables  in  ,/CARY/. 

Removed  Single  Beam  Operation  Since 
The  Cary  Cannot  Acquire  A  Baseline 
In  This  Operating  Mode. 

Added  Tight  Checking  For  Improper 
Combinations  Of  Baseline  detector, 

Lamp  and  Reference  Mode  Requests. 
Revised  AUTO  CAIN  vs  AUTO  SLIT  Mode 
Selection  In  Baseline  And  Instrument 
Setup  Menus  To  Utilize  Detector  Mode 
Under  AUTO  SELECT  Reference  Selection 
Added  Automatic  Adjustment  Of  SBW  And 
CAIN  Before  Scan  To  Match  Baseline. 


MODES : 


All  Abscissa  6  Ordinate  Modes  (SUBROUTINES) 
Absorbance  or  AT  vs  Wavelength  k PROCRAM  only) 


104  C 
.05  C 

:  06  c 

107  C 

108  C 

109  C 

110  C 

111  C 

1 12  C 

113  C 

114  C 

115  C 

116  C 

117  C 
113  C 

119 

120 
121 
122 

123 

124 

125 

126 
127 
123  C 

129  C 

130  C 

131 

132  C 

133  C 

134  C 

135 

136 

137 

138  C 

139  C 

140  C 
1  4  1 

142  C 

143  C 

144  c 

145 

146 

147 

148 

149 

150 

151 

152 

153  C 

154 

155 
1 5  6 
157 


MEMORY:  23,000  Words  (Max . gATH)  +  40,000  Words  EMA  (DATA) 

3,000  Words  (MSEC)  +  5  Memory  Resident  Nodes 

-  83  Page  Partition  Required  - 


SECMENT:  This  Program  Is  Too  Large  To  Run  Under  Cl  On  The 
HP  1000  -  It  Must  Be  Segmented  Using  SCMTR  And 
MLLDR  Loader  -  A  CMD  Transfer  File  SE04CARY.CMD 
Contains  The  Commands  To  Accomplish  This. 


INTEGER  ACCESSORY.AOVANCED.BASELINE.EXIT, INSTRUMENT 
INTECER  LAMP,. MENU, PARAMETERS , SPECTRUM , STORE 
INTECER  ASCI  I , MODE . NARRAY .NCOL.N DATA , PREC,  X40DE.YMODE 
INTECER  NPAR( 49 ) ,OFFSET<49) ,PARAM<49) 

REAL  ORD , ABSC , CELL , CYCLE . SAMPLE , WAVE , T 1 MER , TEMP , D I  ST . BAN D , CONC 
REAL  CAIN, NUMBER , PATH , PMIN , PMAX, RATE , RATIO, SPECBANP, SPECCA I N 
REAL  STEP , WAVELENGTH , WM I N , WWAX .  XM I N  ,  XMAX . XSTEP , ZERO 
REAL  VARIABL£(14> ,X(10001) .Y(lOOOl) 

LOGICAL  MATCH, PR  I  NT. S I NCLE . TRANSFER 

Dimension  Screen  Control  String  Variables 

CHARACTER  BELL, CLR*2 , DOWN*2 , ERASE*2 , ESC , HCME*2 . UP*2 


Dimension  Instrument  Control  String  Variables 

CHARACTER  CSM, Loc^*4 , Unlock*4 , Key*  2 , Accon*3 , Accof f*3 
CHARACTER  Par* 3 , Var*3 , Par set *2 , Var se t *2 ,Messon*3 , Messof f +4 
CHARACTER  Se  t  up*< , Command*44 ,Response*64String*14 

Dimension  Specific  Key  or  Function  String  Variables 

CHARACTER  Ready* 4 , S  t  andby*4 , St  art  *4 , S  t  op*4 ,  I  ns  t  r*4 , Aut  oba i *4 


Dimension  Program  Parameter  Variables 


CHARACTER 

CHARACTER 

CHARACTER 

CHARACTER 

CHARACTER 

CHARACTER 

CHARACTER 

CHARACTER 


Sst at* tO , Bit  at *10 , As  tat* 10 ,  Mengt  h*7 
Dlrectory*40,  Fname*20  .Name'  •  o  .  Out  f  I  I  e*63 
Smi n*4 , Smax*4 ,  S  I  r»c*4  ,  Sde  t , Sg* i n*4 , S I amp , Spe  r i od 
Srate,  S  ref, Ssl  it  .  Ssb->r»4 

8m 1 n*4 , Bmax*4 ,Bdet . Bga i n*4 . B | amp , Bpe  r i od 
Brate.Bref.Bsl it . Bsbw*4 .Fperiod.Frat# 

Omi n*4 , Omax*4 , Ol nc*4 , Ode  t , Oga i n*4 , 01  amp , Oper i od 
Or at  e , Ore  f . Os  I  It . Osbw*4 


CHARACTER  0ATE*8. IN ITIALS*2 . TITLE* 7 2 
CHARACTER  Access(5)*4.Prlnter(6)*12.Cod#,Icode, Pc ode 
CHARACTER  Pname ( 49 ) *  1 0 , Vname ( 14)»8,Bscan*l4,Bt ime*14 
CHARACTER  Pst r< 49, 16) *14 
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153  C 

159  C  - - - - - . . 

160  C 

16 1  COMMON  /MOCE/NDATA.XMODE, YMODE 

162  COA*«ON  /CARY/ORD,  ABSC ,  CELL ,  CYCLE  ,  SAMPLE ,  WAVE ,  TIMER ,  TEMP ,  D!  ST 

163  COMMON  / ! P/NPAR , OFFSET , / I S/Pname , Vname 

164  C0W4ON  /DATA A. X 

165  C 

166  C  Reference  Library  IEEE-488  Subroutines 

167  C 

168  EXTERNAL  ABRT 

169  C 

170  C  - - - - . - . - . - . 

171  C 

172  C  Initialize  Cary  Command  &  Status  String  Variables 

173  C 

174  DATA  CSM,  Setup ,  Lock,  Un  1  ock .  Key/’  0’  ,  '  (3(320‘  ,  ' @A10'  ,  1  (3A00  ’  ,  '  (3D'  / 

175  DATA  Accon, Accof f , Par ,  Var/'(§Fl ' , '@F0' , '@C1 ' , ’@C2' / 

176  DATA  Parset  , Varset  .Messon.Messof  f/'(3H'  ,  ’@1 '  ,  'Ll '  .  '(§L00'/ 

177  DATA  Ready,  St  andby,  S  t  art/'i2DT0' , 'S3DS0'  , '@DP0'/ 

178  DATA  St  op  ,  I  nat  r  ,  Aut  oba  1  / '  {§DQ0 '  ,  ’  (§DC0  '  ,  '  0DUO '  / 

179  DATA  Sstat , Bstat , Astat/'  OFF' . *  OFF','  OFF'/ 

180  C 

181  C  initialize  Cary  Instrument  Settings  String  Arrays 

182  C 

183  DATA  (Pstr(l . 1 ). I-l ,6)/' ABSORBANCE' ,'H  TRANSMISSION' , 

134  &' TEMPERATURE’  , REFLECTANCE'  CONCENTRATION EMI SS I  ON  1 / 

185  DATA  (Pstr(2, I ), I-l ,4)/'WAVELENCTH' , 'TIME' , 'TEMPERATURE' , 

186  &’ DISTANCE'/ 

187  DATA  (Pstr(3 , I) , I-l , 11)/’ OFF’ .’0,01’, '0.02 ',*0.05 ’,'0.1', '0.2', 

188  &' 0 . 5 ' , ' 1 .0' , '2.0' , '5.0' , ' 10.0'/ 

189  DATA  Pst  r (4 , I ) /' OFF' / 

190  DATA  (Pstr(4, I) , 1-6, 1 5)/' 0 . 2 ' , '0.5' . ' 1  O' , '2.0' . '5.0*  , 

191  6» '  1 0 '  ,'20'  ,'50'  ,'100'  ,’200'/ 

192  DATA  (Pi  t  r  (5  ,  I )  .  I-l  .  4)/'  AITTO  SELECT'  ,  '  AUTO  CAIN'.'AUTO  SLIT’, 

193  &' SINCLE  BEAM'/ 

194  DATA  (Pst r(6, I ), I-l , 5)/'OFF' , 'NORMAL' .' 1ST  DER[V’,’2ND  DER IV', 

195  & '  LOC '  / 

196  DATA  (Pstr(7, I), I-l, 9)/'0. 01’. '0.02', '0.05 '.’0.1', '0.2'. '0.5', 

197  6' 1.0', '2. O’, '4.0'/ 

198  DATA  (Pstr(8, I ) , 1-10, 16)/' 2* , '5' . ' 10*  . *20' . ' 50* , ' 100' . ' 200'/ 

199  DATA  (Pst r(9, I ) , 1-12, 15)/' 10' , ' 20' , ' 50' , ' 100'/ 

200  DATA  (Pstr(10. I) , I-l .5)/' -1 .9  TO  0.6', '-2.0  TO  0.5’, 

201  60-2.1  TO  0 . 4 '  ,  '  -  2 . 2  TO  0.3', '-2. 3  TO  0.2’/ 

202  DATA  (Pstrdl ,  I) ,  I-l ,  16)/’ >/-0 . 01 '  .  W-0.02'  .  W-0.05'  .  '  +-/-0. 1'  , 

203  W-0.2*  ,  '  */-0 . 5  ’  ,'♦/-!  -  O'  ,  ’+/-2.  O'  .  W-5.0'  ,  ' +/-10'  ,  ' +/-20'  , 

204  V  V-50’  ,'•*•/- 100*  ,  '  */-200’  ,'■*•/ -500*  ,  ’  */-!000'/ 

205  DATA  ( Ps  t  r  ( 1  2  ,  I)  ,  I-l  ,  16)/'+/ -0.01'  ,  'w-0.02'  ,  '+/-0  05'  ,  '  r  / -0  ,  1  '  , 

206  &’  +/-Q.  2’  .  '  +/-0.5'  .  ’  +/-1 .0'  ,  '  f/-2  O'  ,  '  V-5.0'  .  '  ♦/- 1 0 '  ,  '  «-/-20'  . 

207  S' -/- 50 ' . ' */-100' , ' -/-200' , ' >/-500’ . ' -1000'/ 

208  DATA  (Pstr(l3,  I).  I-l  ,8)/W-0. 01' .  W-0.02' ,' w-0.05' . '♦■'■-0  I’. 

209  6W-0.2’  ,  ’  V-0.5'  ,  W-t  O'  ,  W-2.0'/ 

210  DATA  (Psir(14, I) , I-l , 10)/' O' . ' 10'  , ' 20' , ' 30' , ' 40'  , ' 50'  ,  ’  bO'  . ' *0’  . 

211  &'80',’90'/ 


39 


■+,.'  ':.*■■«■?•  'if*  _•  ^  ■.'iii--*i ’_. 


*'  ^  M' 


228 

-1  -i  Q 

*  *  -* 

230 

231 

232 

233 

234 

235 

236 

237 

238 

239 

240  C 

241 

242 

243  C 

244  C 


253  C 

254  C 

255  C 

256  C 

257  C 

258  C 


DATA  (Pst  r( 15 ,  I ) . 
DATA  ..  Pst  r(,  io  ,  1  '  , 
DATA  Pst r< 17 , ! ) , 
DATA  i.Pst  r(  13,  1)  , 
DATA  ( Pst r( 19, I) , 
DATA  (Pst  r (20 , 1) . 
6' BOTH  OFF’/ 

DATA  (Pst  r(21 , 1) , 
DATA  (Pst r (22, P , 
DATA  ( Pst r (23 , 1 ) , 
DATA  (Pst  r(24 , I) , 
DATA  (Pstr(25 , I ' , 
DATA  (Pst  r ( 26 , I > , 
5»  ’  S  I NCLE  BEAM1/ 
DATA  ( Pst  r ( 27 , I ;  , 
DATA  ( Pst  r ( 28 , I ) , 
DATA  ( Ps t  r ( 29 , I ,  , 
DATA  ( Ps t  r ( 30 , 1 ; , 
&.  ’  QUADRATIC*  / 

DATA  (Pst  r (31 . I  , 
DATA  ( Ps t  r ( 32 , 1 ' , 
V  EXTENDED' , ’ FIXED 
DATA  ( Pst  r ( 33 , I ,  , 
S'  DELETE  SAMPLE'  *< 
DATA  ( Ps t  r ( 34 , I ' , 
Data  (Pst r (35, I) , 
DATA  ( Ps t  r ( 38 , I) , 
DATA  (Pst r (40, 1) . 

DATA  (Pr inter( I ; , 
DATA  (Print#r( I  1  . 


-1 ,4)/' 0.5' , ' 1 . O' . ’ 3  O' . ’ IO'/ 

-i , 2 ) / ' NORMAL ' , ' REVERSE ' / 

-1 , 2) /'OFF'  . 'ON' 

-1 ,2)/' REPEAT  SCAN' ,' SCL, MULTI'/ 

-1 ,2)/' SERIAL' , ' OVERLAY ' / 

-1 , 4)/' BOTH  ON' , ' UV  ONLY' , ' VIS/NIR  ONLY’ , 


-1 ,3)/’ AUTO' 
-1 ,3)/' AUTO' 
-1 .2)/’  FULL' 
-1 .3)/' AUTO* 
-1 ,3)/’AUTO' 


' UV’ . 'VIS/NIR'/ 
'UV/VIS'  ,  '.SIR'/ 
'  i/3'/ 

"JV/V1S’  ,  'NIR'/ 
'  UV*  , 'VIS/NIR'/ 


1-1  ,  4 )/ '  AUTO  SELECT'  ,  'AUTO  CAIN’  ,  'AUTO  SUV  , 

1-1 ,2)/'FULL' . ' 1/3'/ 

1-1 ,6)/'0' . ' 1' , '2*  , '3' . '4' , *5'/ 

1-1,2)/' STANDARDS '  . *  UNKNOWNS ’ / 

1-3, 6)/' DIRECT'  . 'LINEAR'  , ’ DI RECT-QUAD'  , 

1-7 . 8)/ ' NORMAL ' . ' AVERACED' / 

1-9 , 1 3) /' S I CNAL  AV  ,  'SAMPLE  AV', 'QUICK', 

>'/ 

l-l , 5 )/ ' DSPL  RESULTS’ , ' DS PL  SETUP' .' NEXT  CCNC’ , 
CLEAR  RESULTS'/ 

[-1 ,2)/'OFF' , 'ON'/ 

1-1,2)/' 1 ' , '2'/ 

1-1,5)/'  OFF','  ON* , 'RECORD' , '  '.'ON/SETUP'/ 
1-1  ,2)/' INTERVAL' , ' ACCY-DRIVEN'/ 

1-1 , 3 ) / ' WAVELENCTH ' , 'TIME' , 'TEMPERATURE'/ 

1-4, 6) /'DISTANCE'  .  'MAX.™*'  ,  'MIN.  mm'/ 


Initialize  Screen  Control  String  Variables 


245  C 

2»6 

BELL-CHAR ( 7 ) 

247 

ESC-CKAR( 27) 

2»8 

CLR-ESC// ' J  ' 

249 

HCMF.-ESC//'  h' 

250 

UP-E.SC// '  A ' 

251 

DGWN-ESC// ’ B' 

252 

ERASE-ESC//’ K' 

Assign  Statement  Labels 


259  C 

260 

ASSIGN 

10 

TO 

MENU 

261 

ASSIGN 

90 

TO 

SPECTRUM 

262 

ASSIGN 

200 

TO 

BASELINE 

263 

ASSIGN 

350 

TO 

ADVANCED 

2  64 

ASSIGN 

390 

TO 

INSTRUMENT 

265 

ASSIGN 

400 

TO 

PARAMETERS 

266  ASS1CN  570  TO  LAMP 

267  ASS1CN  600  TO  ACCESSORY 

263  ASSIGN  700  TO  STORE 

269  ASSICN  900  TO  EXIT 

270  C 

271  C  — . . . . . . . 

272  C 

273  C  Data  Acquisition  and  Control  Menu 

274  C 

275  C  . - . - . . . . 

276  C 

277  CALL  FFRCL(79)  !  Eliminate  Line  Wrapping  Problems 

278  CALL  Send(Setup)  !  Setup  Normal  Handshaking  With  Cary 

279  CALL  Send(Ready)  !  Release  Cary  From  Standby  Mode 

280  10  WRITE  (1,*)  HOME , CLR 

281  CALL  Send(lnstr)  !  Display  Instrument  Settings  On  Cary 

282  CALL  Send(M«ssof f)  !  Turn  Off  Display  Messages  On  Cary 

283  CALL  Send(Unlock)  !  Unlock  keyboard  On  Cary 

284  NCOL-70  !  Set  Display  To  70  Columns 

285  TITLE-' Cary  2390’ 

286  CALL  Canter (TITLE) 

287  TITLE-' Spect ra 1  Data  Acquisition' 

238  CALL  Canter (TITLE) 

289  WRITE  (1 , ' (T61 ,A2.A8) ' )  UP, Rev:  1.7' 

290  CALL  LI ne(NCOL) 

291  WRITE  (1,20)  'CODE'  ,' FUNCTION’, 'STATUS' , 'MIN'  , 'MAX’  .' INC’ 

292  20  FORMAT  (T4 , A4 , T1 4 , A8 , T34 , A7 , T50 , A3 , T58 , A3 , T66 , A3 ) 

293  CALL  Line  ONCOL) 

294  WRITE  (1,30)  'A . Acquire  Spectrum .  .  . '  , Sst  at , Sm i n , Smax , S i nc 

295  'WRITE  (1,40)  ’8 . Baseline  Setup . *  ,  Bstat  ,  Bmi  n,  Bmax 

296  WRITE  (1,50)  ’I . Instrument  Settings....' 

297  WRITE  (1,50)  'L . Lamps/Detectors/Access .  ' 

298  WRITE  (1,60)  'S . Store  File  on  Disk . '.Fname 

299  WRITE  (1,50)  'X . EXIT  Data  Acquisition..' 

300  30  FORMAT  (  / ,  T4  ,  A30  ,  T35  ,  A8  ,  T50  ,  A4  ,  T58  ,  A4  ,  T66  ,  .44) 

301  40  FORMAT  (/ . T4 , A30 , T35 , A8 , T50 , A4 , T58 , A4 ) 

302  50  FORMAT  </,T4,a30) 

303  60  FORMAT  (/,T4,a30.T35,A20) 

304  WRITE  (1 ,*) 

305  CALL  Line(NCOL) 

306  WRITE  ( 1 ,*) 

307  70  WRITE  (1,*)  UP, ERASE, 

308  WRITE  (1 , ’ (T3.A15.A.A2)' )  ' Ent er  tne  CODE BELL, '  ' 

309  READ  (1,80)  Code 

310  80  FORMAT  (Al) 

311  CALL  Upper (Code) 

312  IF  (Code . EQ. ’ A* )  CO  TO  SPECTRUM 

313  IF  (Code . EQ. ' B' )  CO  TO  BASELINE 

314  IF  (Code . EO. ' 1 ' )  CO  TO  INSTRUMENT 

315  IF  (Code. EQ. 'L' )  CO  TO  ADVANCED 

316  IF  (Code. EQ. ' S’ )  CO  TO  STORE 

317  IF  (Code . EQ, ’ X' )  CO  TO  EXIT 

318  CO  TO  70 

319  C 


41 


•/  V .•  “•*  »*.'•'  ; ,s’r  c*! 4)1’  -  «»,.:« 


320  c 


3  23  c 

324  C 

325  C 

326 

327 
32S 

329 

330 

331 

332 

333 

334 

335 

336 

337 

338 

339 

340 

341 

342 

343 

344 

345 

346 

347 

348 

349  C 

350  C 

351  C 

352  C 

353  C 

354  r 
3 j5  C 

356 

357 

358 

359 

360 

361 

362 

363 

364 

365 

366 

367  c 

368 

369 

370 

371 

372 

373 


Acquire  Spectrum:  (,  I  nst  rumenc  Baseline  Must  Match) 


90  CALL  Par t  ab 1 e ( PARAM) 

IF  ( (PARAM(38) . NE. 1 ) . OR. ( Bst at . EQ . ’  OFF1))  THEN 
WRITE  (1,*)  UP, ERASE 

WRITE  (1,*)  ’  Baseline  Program  Is  ABSENT:  * , BELL, ‘ 
CALL  Wait (2.0) 

WRITE  (1  ,*) 

CO  TO  BASELINE 
END  IF 

IF  ( (PARAM(l) .EQ.2) .OR. (PARAM(2) .NE.0))  THLN 
WRITE  (I ,*)  UP. ERASE, 

WRITE  (1,*)  '  Ordinate  or  Abscissa  Error:  ',BELL,'_' 
CALL  Wait (2. 0) 

'WRITE  (1  .*) 

CO  TO  INSTRUMENT 
END  IF 

IF  ( Ss t at . EQ. 1  ACQUIRED' )  THEN 
,00  WRITE  ( 1  ,  * )  UP, ERASE,'  SPECTRUM  NOT  STORED: _* 

WRITE  (1,*)  '  Proceed  With  Spectrum  (Y  or  N)  ?  ' , BELI 
READ  (1,80)  Code 
CALL  Upper (Code) 

IF  (Code . EQ. ' N ' )  CO  TO  70 
IF  (Code . NE. 'Y* )  CO  TO  100 
END  IF 


Store  Previous  Spectrum's  Parameters  For  Possible  Abort 


Onl n-Smi n 

Omax-Smax 

O I nc— S 1 nc 

Ode  t -Sde  t 

Oga  1  r>-Sga  1  n 

01  amp— S 1  amp 

Oper I od-Sper lod 

Orate-Srate 

Ore  f-S  re  f 

Os  I  lt-SsI  it 

Osow-Ssb* 

WRITE  ( 1 . >)  HOHE.CLR 
TITLE-'Scan  Parameters' 

CALL  Cant  erf  TITLE) 

CALL  Line(NCOL) 

WRITE  < l , * )  DOWN.'  BASELINE: ' 

’WRITE  t  1  ,  * )  fXiWN  ,  '  Scan  Limits,  (  nm )  :  '  .  Hm  i  n .  '  /  '.Umax 


374  CALL  Val (Brain, WMIN)  !  Default  Spectrum  To 

375  CALL  Va  1  ( Btnax ,  WMAX)  !  Basel  ire  Scan  Limits 

376  WRITE  (1,*)  DOW ,  DOWN ,  1  SPECTRUM:' 

377  oRlTE  (1,*)  DOWN,1  Scan  Limits,  (r.m):  '.Emin,'/  ‘.Bmax. 

37  3  6DCWN.D0WN 

379  110  WRITE  (1,*)  UP , ERASE , '  A... Accept.  C... Change.  X. ..Exit  ? 

330  6BELL, 1 

381  READ  (1,80)  Coda 

332  CALL  Upper (Code) 

383  IF  (Code . EQ. ’ X* )  CO  TO  MENU 

334  IF  (Code . EQ. ' A* )  CO  TO  120 

385  IF  (Codo.NE. 'C' )  CO  TO  110 

386  CAL'.  Limits(WNIN,W*<AX) 

387  120  CALL  St r(WMIN , St r ing, 4) 

388  Smi n—Sc r i ng(2 : 5) 

389  CALL  Str(WVAX. String. 4) 

390  Smax-St r i ng{ 2 : 5) 

391  WRITE  (1,*)  UP. ERASE. UP, UP, ERASE, '  Scan  Limits,  (run):  ’, 

392  iSmln,'/  ', Snax , DOWN . DOWN 

393  130  WRITE  (l,*)  UP, ERASE. '  Step  Size  (.01  -  5  nm)  :  '  . BELL, ' _' 

394  READ  (1 ERR-130)  STEP 

395  IF  ((STEP. LT. 0.01) .OR. (STEP. CT. 5.0))  CO  TO  130 

396  CALL  Str(STEP, String. 4) 

397  S l nc-S t  r 1 ng( 2 : 5) 

398  140  CALL  Val ( Ps  t  r (3  , PARAM(3)el ) , RATE) 

399  RATE-RATE/STEP 

400  IF  /'RATE.  CT.  5.0)  THEN 

401  WRITE  (1,*)  UP. ERASE,'  Data  Rate  >  5  Hz  - 

402  WRITE  (1,*)  'RESET  Scan  Rate.  (Y  or  N)  ?  ' , 

403  &  BELL , ' 

404  READ  (1,80)  Code 

405  CALL  Upper (Code) 

406  IF  (Code . NE . ’ Y’ )  CO  TO  130 

407  N— 3 

408  K-N 

409  CALL  3e I ec  t ( N , PARAM , Ps  t  r ) 

410  PARAM(K)-N- i  »  Update  Parameter  Table 

411  CO  TO  1 40 

412  END  IF 

413  N DATA— I  NT ( ( WMAX-'WMI  N) /STEP*  5 ) + 1 

414  IF  (NDATA.CT. 100U1 )  THEN 

415  WRITE  (1,*)  UP, ERASE,'  Too  Many  Data  Point*  -  _' 

416  WRITE  (1,*)  'Increase  Step  Size  , BELL 

417  CALL  Walt (2. 01 

418  CO  TO  130 

419  END  IF 

420  WRITE  (l,*)  DOWN,'  Checking  Instrument  Set t I ngs : ’ . BELL 

421  CALL  COTO(Bmex)  IVst  Matching  At  Start  Of  Baseline  Scan 

422  C 

423  C  . 

424  r 

425  C  Set  Spectrum  Strings  to  Match  Instrument  Parameters 

426  C 

427  C  . 


4j 


429 
4  30 
4  3  i 

43  2 

433 

434 

435 
4  3  6 
43" 

438 

439 

440  C 

441  C 

442  C 

443  C 

444  C 

445  C 

446  C 

447 

448 

449 

450 

451 

452 

453 

454  C 

455 

456 

457 

458 
4  59 

460 

461 

462 

463 

464  C 

465 

466 

467 
168 

469 

470 

47] 

472 

473 

474 

475 

476 

477 

478 

479 

480 

481 


5  de  t -CHAR ( PA RAM ( 2  2 ) +43  3 
S 1  amp— CHAR ( P ARAM (213+48) 

S  pe  r  i  o- 1-CHaR  (  PAR. AM (  15  3+48) 

Scat  e— CHAR  (  P  ARAM 3  )  +4 3 ) 

S  r  e  t"  — CHAR  ( PARAM  (  5  )  +4  8  ) 

3s 1 1 t— CHAR (PARAM (23) +4 8) 

CALL  Varcable( VARIABLE)  !  Update  SBW,  CAIN  at  Bmax 

CALL  S  t  r (VAR  1  ABLE ( 10) .String ,4) 

Ssbw— 6 1  r i ng( 2 : 5) 

CALL  Str(VARlABLE(6) .String, 4) 

Sgai n-St  r i ng( 2 : 5 ) 


Test  For  Acceptable  instrument  Baseline  Matching 


MATCH-TRUE. 

IF  ( WWAX . CT . VAR  1  ABLE ( 3 ) )  MATCH- . FALSE . 
IF  (WIN.  LT.  VARIABLES)  )  MATCH- .  FALS E . 
IF  (3 ref .NE. 3ref)  HATCH- . FALSE . 

IF  ( S 1  amp . NE . B 1  amp)  MATCH- . FALSE . 

IF  (Sdet .NE. Bdet )  MATCH-  FALSE. 

IF  (Ssl  It  .NE.Bel  It)  MATCH-. FALSE. 


IF  ( (MODE. EQ. 1)  AND. (MATCH))  THEN  !  Exit  I f  A I  reedy  Fa  I  I ed 
IF  ( S  sbw . NE . Bsbw)  THEN 

WRITE  (1,*)  UP  ERASE,*  Matching  To  Baseline  SBW:’, BELL 
Coaruand— Var  set // '  9 ' //Bsb»// ’  !  0 ' 

CALL  Send (Command) 

S  sbw-Bsbw 
CALL  Welt (l .0) 

END  IF 
END  IF 


IF  ((MODE. EQ. 2) .AND. (MATCH))  THEN  !  Exit  I f  A  I  reedy  Fa i l ad 
IF  iSgaln.NE.Bgain)  THLN 

WRITE  (1.*)  UP. ERASE,’  Matching  To  Baseline  CAIN:'  HELL 
Command- Var se  t // ' 5 ' //Bga i n// ''O' 

CALL  Send( Commend)  !  Reset  AUTOSLIT  Cain  Level 

S  ga i n-Bga I n 
CALL  w«tt (2.0) 

END  IF 

IF  ((Brel'. EQ. '0')  AND  (Bdet  .  EQ.  '  0’  )  .  AND.  <*MAX.  LE.  800  011  THEN 
WRITE  (I,*)  UP. ERASE,'  Matching  To  Baseline  SBW: ' . BFLL 
W 1 engt  h-' 800  5 ' 

("ALL  COTO(  W 1  engt  h  )  '  Reset  To  NIR  Region 

CALL  Welti)  0) 

Kt  engt  h— 1 300  O' 

CALL  COTOI Wl engt  h )  '  Set  To  Start  Of  UV/VtS 

END  IT  'With  Matching  SBW 

END  IF 


U 


IF  (MATCH)  CO  TO  150 


432 

433  C 

434  C 

485  C 

486  C  Record  Sew  Baseline  Using  Present  Instrument  Parameters 

437  C  With  Period  S  Scan  Rate  From  The  Previous  Baseline  Scan 

488  C 

489  C  . - . - . - . - . 

490  C 

491  'WRITE  (1,*)  DOWN,  DOWN 

492  TITLE-'***  NEW  BASELINE  REQUIRED  *** ' 

493  CALL  Center (TITLE) 

494  WRITE  (1 ,*)  BELL 

495  CALL  Walt (2.0) 

496  MATCH- . TRUE .  !  Baseline  Valid  Test  On  Exit 

497  CALX  31 l ne (WMIM , WMAX , Sdet , S  ga 1 n . S  I amp .Fperiod.Frato.Sref.Ssbw. 

498  <SSs 1 i t . Bscan , 3t i a* , MATCH , MODE) 

499  Command— Parse t //">' //Sper i od//CSM  !  Reset  To  Spectrum's  Period 

500  CALL  Send(Command) 

501  Command— Parset//' 2' //Srate//CSM  !  Reset  To  Spectrum's  Rate 

502  CALL  Send(Command) 

503  IF  (.NOT. MATCH)  THEN 

504  Sstat-1  OFF’  !  Aborted  Scan  Exit 

505  CO  TO  MENU 

506  END  IF 

507  C 

508  C  . 

509  C 

510  C  Update  Baseline  Parameter  Strings 

511  C 

512  C  . - . 

513  C 

514  3ml n— Smi n 

515  Bmax-Smax 

516  Bdet-Sdet 

5  1 7  Bga  I  r»-Sga  I  n 

518  D lamp— SI  amp 

519  Bper 1 od-Fpe r I od 

520  Brate-Frare 

521  Ur*  f-S  re  f 

522  Bsbw— Ssb* 

523  BslU-Selit 

524  Be  tat -'ON /MATCH' 

525  C  . 

526  150  WRITE  (1,*)  HOME , CLR 

527  T I TLE-' Acqu I  re  Spectrum' 

528  CALL  Center- TITLE) 

529  CALL  LlneCNCOL) 

330  WRITE  (1,*)  DOWN . '  Wave  I engt  h  Limits.  - nm) '  '  . Sma v .  ' /  *  Sm i n 

531  WR  I  TE  {  1  ,  *  )  (X  iilN  ,  '  Step  Sice.  <  run/  da  t  um )  '  line 

532  WRITE  (1,*)  DOWN.’  Scan  Rate.  <nm/ieci 

5)3  SPtt r( 3 , PARAMt 3 ) » I > 

5  3  4  WR  1  TE  -  1  ,  * )  O /'WN  .'  Responee  Time.  ii»o  ', 

5j3  Spit  r  ■  1 3  p  \  r  am ( I  5  » I 


■  r 

■*  j 


Spectral  Banaw i dt h , ; nm) :  '.Ssfcw 


52  6  IF  ( MODE .  EQ .  I )  THEN 

5  27  WRITE  (1,*)  DOWN , 

538  CO  TO  160 

5  29  END  IF 

5-0  WRITE  tl,*)  DOW.'  AUTOSLIT  Gam  Level  :  '.Sgain 

541  160  WR  I TE  (1,*)  DOWN 

542  WRITE  (1,*)  DOWN,'  Place  Solution  Cell  In  The  SAMPLE  Beam: 


543  WRITE  (1,*)  DOWN,'  5 . Start  Scan’ 

544  WRITE  (1,*)  DOWN.'  A . Abort  Scan' 


545  WRITE  (1.*)  DOWN,'  Enter  the  CODE:  ' , BELL. '_' 

546  1~0  READ  (1.30)  Cod# 

547  CALL  Upper(Code) 

543  C 

549  C  . - . - . . . - . 

550  C 

551  C  R#*tor#  Old  Spectrum's  Parameter  Strings 

552  C 

553  C  . — . - . . . . . . . 

554  C 

555  IF  (Code . EQ. 'A' )  THEN 

556  Smlr>-Ceatn 

557  Smax-Omax 

553  Si nc— O I nc 

559  Sdet-Odet 

560  Sgairr-Ogaln 

561  S  I  amp— 01  amp 

5o2  Sperlod-dperlod 

563  Srate-Orate 

564  Sref-Oref 

565  Ssllt-Osllt 

566  Ssb«e— Osbw 

567  CO  TO  MENU 

563  END  IF 

569  IF  (Code.NE. 'S' )  CO  TO  170 

570  C 

571  C  . 

572  C 

573  C  Set  To  Starting  Wavelength  -  Check  For  Instrument  Ready 

574  C 

575  C  . .  . . 

576  C 

577  WRITE  (1,*)  UP, ERASE. UP  UP. ERASE, UP , UP . ERASE. UP. UP. ERASE. 

578  WRITE  (1.*)  '  Slewing  to  Starting  Wave  I engt h : '  . BELL 

579  CALL  COTO(Smax) 

530  SINGLE—  FALSE.  1  Scan  Mode  <3N .  Single  Wavelength  OFF 

581  PRINT-  FALSE.  '  Initialize  Print  Mode  To  OFF 

582  130  WRITE  (!,«)  UP  ERASE,'  Print  to  Screen.  <Y  or  N)  7  ' . BELL . ' 

383  READ  fl . 30)  Code 

534  CALL  UppertCode) 

585  IF  1  Code  LQ  '  Y  ’  ;  THEN 

536  PRINT—  TRUE. 

5  37  .,0  TO  190 

538  END  IF 

5  39  I F  Code  N F  ' N '  CO  TO  I  80 


40 


590  C 

591  C 

592  C 

593  C 

594  c 

595  C 

596  C 

597  C 
593 

599 

600 

601  C 

602 

603  C 

604 

605 

606 

607  C 

608  C 

609  C 

610  C 

611  C 

612  C 

613  C 

614  C 
613 

616  C 

617  C 
613  C 

619 

620 
621 
622 

623 

624 
623 
626 
627 

62  3 

629 

630 

631 
6  32 

63  3  C 

634  r 

635  C 

636  C 

637  C 
6  33  C 
639  C 


Select  Cat  a  String  Format  For  Abscissa  i  Ordinate  In 
SUBROUTINE  Ac  a  at  re  Via  COMMON  Vanaoies  XMCCE  S  VUCt 


190  yMODE«PARA.M(l)  +  t 
XMCDE-PAjtAMv'2 )  ♦  1 
SPECCA 1  N— VAR  I  ABLE 6 ) 


YMOCE  -  1  -  6  (Only  1  5.  2  Allowed) 
XMCCE  -  1  -  4  ;Oniy  !  Allowed, 

Save  CAIN  Value  At  S max  For  Cata  File 


WRITE  ( 1 ,  * )  UP,  ERASE,  *  Scanning  Spect  ru~i:  ’  .  BELL 


CALL  Sendf I  ns  t  r ) 
CALL  Sand (Lock) 
CALL  W*it(l .0) 


Display  Instrument  Settings  On  Cary 
Lack  keyboard  On  Cary  During  Scan 
Wait  Far  Cary  To  Finish  Hcusekeep i ng 


***  Data  Collection  Subroutine  *»+ 

Collects  MDATA  Readings  At  Sine  (not)  Steps  And 
Returns  Spectrum  In  Arrays  (X) , (Y)  Via  EMA  CCMMCN 
Final  Readirt  is  Returned  Via  Named  COMMON  /CARY, 

CALL  Acqu i r e ( S 1 nc , PR ! NT , S I NCL£ , WAVELENGTH) 


CALL  Terminate 
CALL  Wait (1 .03 
CALL  Sendf Set  up ) 

CALL  SendfStop/ 

CALL  Send( Unlock) 

CALL  Variable- VARIABLE) 

specband-variaele;  i  o> 

CALL  COTOHSmax) 
NAKRAY-NDATA 
XMIN-WMIM 
:<VAX—WMAX 
XSTEP-STf P 
Sstal-' ACOUIRED’ 

CO  TO  MENU 


UNTALX  Cary  2390  From  IEEE-4.8S  Bus 
Wait  For  Cary  To  Finish  House *** o i ng 
Re-establish  Normal  Hand&hak i ng 
STOP  key  Issued 
UNLOCK  keyboard 

Update  Instrument  Variables  To  0‘htain 
Value  Of  Spectral  Bandwidth  At  Sum 
Return  To  Starting  Va-eiength 
Save  •  Of  Cata  Points  In  File  Variable 
Save  End  Of  Scan  In  File  Variable 
Seve  Start  O f  Scan  In  File  Variable 
Save  Step  S i re  In  File  Variable 


Baseline  Call  and  Status  Check 


04Q 
04  1 

o4  2 

043 

044 
o4  5 
540 
6  47 
o43 
049 
ofO 
051 

652 

653 

654 

655 

656 

657 
653 

659  C 

660 
661  C 

602 

603 

664 

665 
066 
667 
663 

669 

670 

671 

672 

673 

674 

675 
6  7  6 
677 
673 
6  7  9 
6  30 

6  3  1  C 

632 

633 

634 

635 

636 


200  MATCH-  .  TRITE . 

TRANSFER-. FALSE. 

210  WRITE  (1  ,•*)  UP.  ERASE. 

CALL  Part  at  i  e  t.  P.AE.A3') 
Bstat-Pstr.32,  PARaM  t  3  3  .  *  1  ; 
i  F  P ARAM (33)  CT  1  ;  9 s  t  a t  ■ 
CALL  Var t ab 1 # ( VAR1 x£L£ ) 
•VAX— N 1  NT  ( VAR :  ABLE  1  3  ) ) 

W  I  M— M  I  NT  ( VAR  I  ABLE  (  4  )  ) 
BANO-VAR ! ABL£( 2) / 1 000  0 
CAIN- VAR! ABLE! 2)/ 10.0 
220  PREC-4 

IF  ('M4AX.LT.  1000.0)  PREC-3 
CALL  St r  ( WAX, String, PREC) 
Era x- St r i ng( • : 5) 

PREC-4 

IF  (M4IM.LT. 1000.0)  PREC-3 
CALL  StriWIM. String. PREC) 
Bai  r>-St  r  i  ng(2  :  5) 


Reading  Instrureenc  3as*line: 


Pstr  3S  .  PARAM(38) 


IF  (TRANSFER)  CO  TO  MENU 


Only  One  Of  SB*  Or  CAIN  Is  Stored 
By  The  Cary  For  The  Basel  in*  Scan 
-  Decide  Below  'Which  Is  Valid. 


(  EXIT  After  Return  Fro*  Bline 


!  Bad  UV/VIS  Detector  Mod* 
!  Bad  AUTO  CAIN  Ref.  Mod* 


!  Bad  MIR  Detects.'  Mod* 


Bad  MIR  Reference  Mode 


IF  (WAX.  CT.  900.0)  THEN 

IF  '  PARAM(  24)  .  £Q.  I  )  PARAJM(24)-0 
IF  ( PARAM( 26 ) . EQ. 1 )  PARAM( 26 )-0 
END  IF 

IF  (WMIM.LT. 700  0)  THEN 

IF  (PARAMC  24)  . EQ. 2)  PARAM(24)-0 
END  IF 

IF  ( P ARAM ( 2 4 ) . EQ . 2 )  THEN 

IF  (  PARAM(  26 )  .  EQ .  1 )  P  ARA*4  (  2  6 )  -O 
END  IF 

IF  ( ( PARAM<  24)  EQ  0)  AND  ( PARAM( 26 ) . EQ . 1 ) )  THEN 

IF  (WAX  CT  300  0)  ParaM(24)-I  1  Bad  AUTO  Detector  Mod* 
END  IF 

IF  (WAX.  CT  .  400  .  O'1  THEN 

IF  'PARAM(25)  EQ  I;  PARAJM(25)-0  !  Bad  UV  Lamp  Mod# 

END  IF 

IF  CWMIM.LT. 270  0)  THEN 

IF  (PARAM(23)  LQ  2)  PaRaM( 25 )-0  *  Bad  W  Lamp  Mod# 

END  IF 


Bp*  r i od— CHAR ( PARAMt  ! 5  > ♦ 4  3 ) 
Brat *-OIAR(PA*aM( 3) *43) 

Side t -CHAR ( pARAMf 24) *43) 

Bl amp-niAR( PARAMt  23) *4  3) 
Br*  f-OlAR  (  PARAJ4<  26;  *43) 


637 

Ba  1 

|  t  —CHAR ( PARAMT  27 ) *43 ) 

633 

1  F 

(  Bra  f  f.Q.  1  2 '  )  CO  TO  2 

TO  i 

1  AirrosuT  Mod* 

On 

(Both  Detectors 

639 

1  F 

Ildet  EO  •  1  CO  ro  2 

to 

1  NIR  O*t*ctor 

•  > 

AirrosLir 

Mod# 

690 

1  F 

i  'WAX  CT  400.0)  CO  TO 

230 

l.amtxla  >  900 

•> 

AUTOS LIT 

Mod* 

691 

1  F 

WAX  CT  100  0)  THIN 

69  2 

i 

I  Bdet  1.0  O’  CO  TO 

2  30  1 

A IfT O  r«l*clor 

AUTOSLIT 

Mod* 

691 

1  NO 

!  Y 

I 


I 

I 


-3 


I 


694  C 

— 

695 

CALL  Sen  BAND.  String.  4) 

696 

Bsbw-St  r l ng ( 2 : 5 ) 

1  SEW  Fixed  At 

The 

Start  Of  Scan 

697 

Bgairc-’  ’ 

!  Cain  Variable 

Curing  Scan 

698 

MODE- 1 

699 

CO  TO  240 

'00 

230  CALL  Str(CAlN. String. 4) 

701 

Bgal n'St  r lng( 2 : 5) 

!  CAIN  Fixed  At 

The 

Start  Of  Scan 

702 

Bsbw-'  ' 

!  S3W  Variable 

During  Scan 

703 

MODE- 2 

704 

240  Command-Key// '  HO ' 

'  Display  Basel 

i  n« 

Menu  On  Cary 

705 

CALL  Send (Command) 

706 

CALL  S*nd(Hessof f) 

!  Turn  Off  Any 

Display  Messages 

707  C  . - . 

708  WRITE  (1,*)  HOME ,  CLR 

709  TITLE-' Basel in*  Setup' 

710  CALL  Center(TITLE) 

711  CALL  Lln«(NC0L) 

712  WRITE  (1.250)  * INDEX'  FUNCTION' SETTING' 

713  CALL  LINE(NCOL) 

714  WRITE  (1 .*) 

715  WRITE  (1,260)  '3:',' . AUTO  BALANCE . 

716  4Astat 

717  WRITE  ( 1 , 260)  'l:'.' . BASELINE  STATUS . 

718  NBstat 

719  WRITE  (1,280)  '2:'.' . WAVELENCTH  (Max, Min) . . . 

720  iBmax, ' , ' .Bmln 

721  WRITE  (1,280)  '3:'.' . S3*  (tm).  CAIN . 

722  iBsber, ' , ’ .Bgaln 

723  WRITE  (1.270)  '4:',' . REFERENCE  MOCE . 

724  iPs  t  r(26 ,  PARAA4< 26 ) ■*■  1 ) 

725  TRITE  (  1,270)  '5:',' . LAMP  SELECT . 

726  6P»tr(25,PARAM(25)*t) 

727  WRITE  (’•.270)  '  6  :  '  ,  ' . DETECTOR  SELECT . 

728  NPst  re 24  ,  param(  24 ) •*  l ) 

729  WRITE  (  1.270)  ' 7 : • , ' . SLIT  HEIGHT . 

730  4P»tr(27,PARAM(2T)M) 

731  WRITE  (  1,270)  ' 8 :  ’  ,  * . SCAN  RATE  (rvn/tec) . 

7  32  SPs  t  r  (  3  , PARAM( 3 ' *  1 ) 

733  WRITE  (  1.270)  '9  'ESPreiSE  T I  HE  (tie) 

7  34  f,?% :  r  (  15,  PARAMi  I  5  )  ♦  1  ) 

7  35  WRITE  (1.260)  'X EXIT  Betelin*  Menu  . 

736  6'  ' 

737  250  FORMAT  (T4.A5.T20. *8. T40.A7) 

738  260  Format  (T4.a1.T10.a28.a8) 

739  270  FORMAT  (T4.A3.T10.A28.T40.AI4) 

740  280  FORMAT  (T4.AJ.T10.a2S.T40.A4. A. A4) 

741  'WRITE  (1  .*) 

7«2  CALL  Llnw(NCOL) 

*4)  WRITE  t  1  .  *) 

744  290  WRITE  (!.♦)  '.'P  ERASE  .  INDEX  God*:  ‘  .  BFLL.  ' 

74  5  READ  M.30)  God* 

746  CALL  IJppe  r  i  Cod*  l 

747  IF  ( Coil#  10  ■  <■  ;o  TO  no 


N— I  CHAR  3  Code)  -4  8 

IF  ^N.LT.O) .OR. .N.CT.9))  CO  TO  290 


I 


-4.3 

'40 


50 

c 

■;  1 

IF  ; N  EQ.  0)  THEN 

-  <  2 

CALL  Send(Aut aba  1 ) 

'5  5 

As;  at-’  SET1 

'54 

CO  TO  220 

"55 

END  IF 

'  5  0 

IF  v.N.EQ.  1)  N— 38 

'5' 

IF  k  N . £Q . 2 )  CO  TO  300  ! 

Updata  *av« length  Limits 

'53 

IF  H  EQ. 3)  CO  TO  310  ! 

Update  S BW/CA 1 N 

'53 

IF  uN.LQ.4)  N-26 

'60 

IF  (M.EQ.5)  N-25 

'61 

IF  (M . EQ. 6}  N— 24 

'62 

IF  (N.EQ.7)  N— 27  ! 

Slit  Control  Is  Manual  Only 

'63 

IF  (N.EQ.8)  N-3 

7  5  4 

IF  (N.EQ.9)  N-15 

'65 

C 

7  66 

K-N  ! 

Inatruatant  Baseline  PARAMETERS  Are 

'67 

"ALL  Se lact (N , PAKAM, Pitr)  ! 

Masked  From  Direct  Changes  -  The 

?6o 

P.  VRAM  3  JO— N-  1  1 

NEW  Valyas  Are  Only  Accepted  rrom 

To  9 

IF  (K. EQ. 33)  THEN  ! 

SUBROUTINE  Bllne’s  '0J'  Cownand. 

''0 

WRITE  (1  ,  ’  ( T  i  2  ,  A ) 1  ) 

'71 

CO  TO  200 

7*2 

END  15 

7*  3 

CO  TO  220 

“»"*4 

c 

7'5 

300 

CALL  Limits ( WMI N ,  W4AN ) 

7-6 

HATCH—  FALSE . 

CO  TO  220 

7'8 

310 

4*1  TF.  ( 1  .  *)  UP, ERASE. 

"9 

IF  (MOOE.FQ.2)  CO  TO  320 

'30 

WRITE  (1,*)  1  Spectral  Bandwidth  (0.04  -  3.60  rwn)  •  ',BELL.’_' 

781 

READ  ( 1 . * . ERR-310)  BAND 

732 

IF  ( (BAND, LT. 0.04)  OR. (BAND. CT 

.3.60))  CO  TO  310 

or 

r 

CO  TO  220 

'34 

320  String-’ (  1  -1275)  ’ 

'36 

IF  fPARAM3  2  4  )  NF..2)  Strlng- 

’  (  1  -  1000,’ 

'36 

WR  1  TE  ;'!,*)  1  Cain  1  « ve  1 

St  ring( 1  10) . •  -  *  , BELL. 

'37 

READ  ( 1 ERR-310)  NUMBER 

'33 

IF  (  ('NUMBER  LT  .  9)  OR .  <  NUMBER  CT 

1275  0) )  CO  TO  310 

'  3  9 

IF  (  3  NIMBI  R  CT  li.'OO  0)  AND 

v  PARAMi 

24)  NE. 2))  CO  TO  310 

'  <  ) 

CA  1  N— VAR  1  AfU  E  (  6  ) 

'01 

RATIO-N1MBF.R/CAIN 

:  r*i 

IF  < RAT  10. CT. 10.0)  THEN 

'9  3 

WHITE  (1 .*)  UP. ERASE. 

794 

WRITE  (1,*)  '  Setting  Instrument 

Cain:  ’ .BELL. 

795 

CALL  Wal t (7  07 

'96 

Comma nd-P«  r se  t / / ’ 4  20 ' 

!  Sat  AUTOSLIT  Mode  P rur 

' )' 

CAt L  Sand ( Command) 

'  To  Sanding  New  CAIN  Lav# 

:  9  3 

«R  |  TF  '  i  .  *  > 

799 

IRANSFEK-  TRUE. 

'  transfer  To  Instrument 

3)0 

CO  TO  490 

1  CA IN  Salting  Rout  1 na 

301 

END  IF 

a 

i 

a 

1 


-I 


a 

1 

a 


1 


0 


a 


802  CA IN-NUMBER 

303  CO  TO  220 

804  C 

805  C  . - . - . 

806  C 

807  C  Record  Baseline  Scan  In  CARY  2390 

808  C 

809  C  . - - - 

810  C 

811  330  WRITE  (1,*)  UP, ERASE, *_• 

812  WRITE  (1,*)  '  Record  NEW  Baseline,  (Y  or  N)  ?  1 , BELL, 

813  READ  (1,801  Code 

814  CALL  Upper (Code) 

815  IF  (Code . EQ. ' N' )  CO  TO  340 

816  IF  (Code.NE. ' Y' )  CO  TO  330 

817  MATCH-. FALSE. 

818  !-ICHAR(Brace)-48 

819  Bscar»-Pst  r  (3  ,  I-t-1 ) 

820  I-lCHAR(Bper iod) -48 

821  Bt  ime-Pst  r  ( 15  ,  I-t-1 ) 

822  CALL  B1 i ne(WMIN , WMAX, Bdet , Bga in, B1  amp , Bper iod, Brace, Bref.Bsbw, 

823  &Bs  lit,  Bscan ,  Bt  i  me  , MATCH ,  .MODE) 

824  Fper iod-Bper iod 

825  Frate-Brate 

826  Astat-'  SET’ 

827  340  TRANSFER-. TRUE.  !  Perform  An  Alternate  Return  To  The  Main  MENU 

828  CO  TO  210  !  After  Reading  Instrument  Baseline  Parameters 

829  C 

830  C  . - . 

831  C 

832  C  Menu  of  Advanced  Setup  Operations 

833  C 

834  C  . - . - . 

835  C 

836  350  WRITE  (1,*)  HOME.CLR 

837  TITLE-1 Advanced  Operations  Menus' 

838  CALL  Center (TITLE) 

839  NCOL-50 

840  CALL  Line(NCOL) 

841  WRITE  ( 1 , 1 (T15 , A5 , T30 , A14) ' )  ' I NDEX '  , ' CROUP  FUNCT I  ON ' 

842  CALL  Llne(NCOL) 

843  WRITE  (1 ,*) 

844  WRITE  (1,360)  '1:  . LAMPS  &  DETECTORS . ’ 

845  WRITE  (1,360)  '2:  . ACCESSORY  SETTINCS . ' 

846  WRITE  (1,360)  '3:  . AUTOMATIC  OPERATION . * 

847  WRITE  (1,360)  'X:  . EXIT  TO  SETUP  MENU . ' 

848  WRITE  (1,*) 

849  CALL  LI ne(NCOL) 

850  360  FORMAT  (T17.A35) 

851  WRITE  (1 ,★) 

852  370  'WRITE  (  1  ,  *  (T1  5  .  a2  ,  A2  ,  A9  ,  A.  A)  ’  )  UP .  ERASE ,  1  INDEX  »  ■  ’.BELL.’  ’ 

853  READ  (1,80)  Code 

854  CALL  Upper (Code) 

855  IF  (Code . EQ. 'X’ )  CO  TO  MENU 
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I 


; 'is 
85~ 

^5  3 
359 
860 
361 
8o2 
863 
3o4 
865  C 
366  C 
867  C 
363  C 
369  C 
S70  C 
371  C 
3-2 
3’3 

374 

375 

376 

377 
37  3 
379 
330 

381 

382 
333 
834 

885 

886 

887 

888 

389 

390 

891 

892 

893 

894 

895 

896 

897 

898 
399 

900 

901 

902 

903 

904 

905 

906 

907 

908 

909 


9— I CHAR( Code ) -48 

IF  . N . £Q . 1 )  CO  TO  LAMP 

IF  ,  N . EQ  . 2)  CO  TO  ACCESSORY 

IF  (N.EQ.3)  CO  TO  380 

CO  TO  370 

380  WRITE  (1  ,  '  (n3.A2.A2, A)  *  )  UP,  ERASE. 

WRITE  (1,*)  '  Not  Supported  In  Version  l.X  '.BELL,' 
CALL  Wait (2.0) 

CO  TO  ADVANCED 


Display  and  Update  Instrument  Settings 


390  WRITE  (1 ,*)  UP, ERASE,'  Reading  Wavelength:  ',BELL,'_' 

NDATA-1 
O 1 nc— ' 1 ' 

PRINT— . FALSE.  !  No  Display  Required 

S 1 NCLE- . TRUE .  !  Select  Wavelength  Update  Mode 

CALL  Par t  ab 1 e ( PARAM) 

YMODE-PARAM( 1 )+l  !  Set  Data  String  Format 

XMOCE-2 

I  coda— CHAR ( PARAM ( 2 ) +48 )  !  Save  Abscissa  Mode 

Command-Parse t//' 1 10*  !  Set  Abscissa  -  TIME 

CALL  Send(Command) 

CALL  Send(Setup) 

CALL  Walt (0.5) 

CALL  Acqui re(Ot  nc , PR INT , S I NCLE , WAVELENCTH ) 

CALL  Terminate 
CALL  Wait (0.5) 

CALL  Send(Setup) 

CALL  Send(Stop) 

Command-Par se t // ' 1 ’ // I  code //CSM 

CALL  Send(Command'>  !  Restore  Abscissa  Mode 

WRITE  (1 .*) 

WRITE  (1 ,*)  UP, 

400  WRITE  (1,*)  ERASE,'  Reading  Instrument  Settings:  ' ,BELL,'_' 

CALL  Par t  ab i e ( PARAM) 

CALL  Vart  abt e ( VAR  I  ABLE) 

BAND-VARIABLE( 10)  !  Current  SBW  (nm) 

CA I N— VAR  I  ABLE ( 6 )  !  Current  CAIN  Level 

CALL  Va  1  ( Pst  r  ( 8  ,  PARAM(  8)-rl )  ,  PMAX)  !  Pen  Limits,  HT  (,  SR 
PMIN-VARIABL£( 1  I  ) 

IF  fPARAM(l) .EQ.0)  THEN  !  Pen  Limits,  Absorbance 

CALL  Val (Psc r(7 , PARAM(7)+1 ) , PMAX) 

PM  I N— VAR  I  ABLE ( 1 ) 

END  IF 

IF  (PARAMill  E0.2)  THEN  1  Pen  Limits,  Temperature 

CALL  Va I ( Ps 1 r ( 9 , PARAM( 9) + 1 ) , PMAX) 

CALL  Val (Pst r( 14 , PARAM< 1 4)+l ) , PMIN) 

END  IF 

PMAX— PM I N+PMAX 


910 

911 

912 

913 

914  C 

915 

916 

917 
913 

919 

920 

921 

922 

923 

924 

925 

926 

927 

928 

929 

930 

931 

932 

933 

934 

935 

936 

937 

938 

939 

940 

941 

942 

943 

944 

945 

946 

947 

948 

949 

950 

951 

952 

953 

954 

955 

956 

957 

958 

959 

960 

961 

962  C 


1—11  !  Index  For  Deriv.  Range 

IF  t P\KAM(6) . EQ. 41  1—10  !  Index  For  Log  Zero  Range 

S  t  r i ng-Ps  t  r ( I , PARAM( I  )  +  l )  !  Pen  Range  Label  For  Index 

CALL  Send(Instr)  !  Display  Instrument  Menu 


WRITE  (1  ,*)  HOME , CLR 
TITLE-’ Instrument  Settings’ 

CALL  Center(TlTLE) 

CALL  Line(NCOL) 

WRITE  (1, 1 (T4 , A5 , T20 , A8 , T40 , A7) ' )  ’  INDEX' FUNCTION' SETTINC’ 
CALL  LINE(NCOL) 

WRITE  (1,*) 

WRITE  (1,410)  ’0:’,’ . WAVELENGTH . ', 

&WAVELENCTH 

WRITE  (1,420)  '1:',' . ORDINATE . ’, 

&Pstr(l ,PARAM(1)+1) 

WRITE  (1,420)  ’  2  :  ’  ,  • . ABSCISSA . ’, 

&Pst  r (2 , PARAM(2)+1 ) 

WRITE  (1,420)  ’3:’.’ . SCAN  RATE  (nm/sec) . ’, 

&Pst  r (3 , PARAM(3)+l ) 

WRITE  (1.420)  ’  4:  ’  ,  ’ . CHART  DISPLAY  (nm/ctn)  .  .  ’  , 

SPstr(4,PARAM(4)+l) 

WRITE  (1,420)  ’  5  :  *  .  * . REFERENCE  MODE . ’, 

&Pst  r  (5  ,  PARAM(5)+1 ) 

WRITE  (1,430)  ’  6 :  ’  ,  ’ . SBW  (run),  CAIN . ’, 

&BAND, ’ , ’ , CAIN 

WRITE  (1,420)  ’7:',’ . PEN  FUNCTION . ', 

&Ps  t  r ( 6 , PARAM( 6 )+l ) 

WRITE  (1,430)  ’8:',’ . PEN  LIMITS  (Min, Max) . .  . '  , 

&PMIN, ' , ' , PMAX 

IF  (PARAM(6) ,CT. 1)  WRITE  ( 1 , ' (T40 , A2 . A2 , A1 4 ) ’ )  UP , ERASE , S t r i ng 

WRITE  (1,420)  '9:',' . RESPONSE  TIME  (sec) _ '. 

6J>str(15,PARAM(15)+l) 

WRITE  (  1,420)  '10:*,' . BEAM  INTERCHANCE . ', 

SPst  r ( 16 , PARAM( 16)+l ) 

WRITE  (  1,420)  'll:’,' . SLIT  HEICHT . ’, 

&Pstr(23 , PARAM(23)+1 ) 

WRITE  (  1,420)  ' X: ' , ’ . EXIT  Instrument  Menu...','  ' 

410  FORMAT  (T4 , A3 , T1 0 , A28 , T40 . F6 . 2 ) 

420  FORMAT  (T4 , A3 , T1 0 , A28 , T40 , A14) 

430  FORMAT  (T4 , a3 , T1 0 , A28 , T40 , F4 . 2 , A , F5 . 2 ) 

WRITE  (1,*) 

CALL  Line(NCOL) 

WRITE  ( 1 ,*) 

440  WRITE  (1,*)  UP, ERASE,'  INDEX  Code:  *,BELL,'_' 

READ  (1 , ’ (A2) ’ )  Key 
CALL  Upper(Key) 

IF  (Key. EQ. ' X* )  CO  TO  MENU 
N-ICHAR(Key( 1 : l))-48 
iF  (Key(2 : 2) . EQ. '  ' )  CO  TO  450 
N-  N*  1 0+  ( CHAR(Key  ( 2  :  2 ) )  -48 
450  IF  ((N.LT.0) .OR. (N.GT. 10))  CO  TO  440 


53 


963 

964 

965 
9  6o 
9o7 

968 

969 

970 

971 

972 

973 

974 

975 

976 

977 

978 

979 

980 

981 

982 

983  C 

984 

985 

986 

987 

988 

989 

990 

991 

992 

993 

994 

995 

996 

997 

998 

999 
1000 
1001 
1002 

1003  C 

1004 

1005 

1006 

1007 

1008 

1009 

1010 
1011 
1012 

1013 

1014 

1015 

1016 


K-N 

IF  (N. EQ.O)  CO  TO  460 
IF  (N.EQ. 6)  CO  TO  470 
IF  (N.EQ.7)  N-6 
IF  (N  EQ.9)  N-15 
IF  (N.EQ. 10)  N— 16 
IF  (N.EQ. 3)  THEN 
N-C 

IF  ( PARAM ( 6 ) .LE. 1)  THEN 

IF  (PARAM(  1 )  .  NE .  2)  CO  TO  520 
N-9 

END  IF 
END  IF 

CALL  Select (N , PARAM, Pst  r ) 

IF  (K.EQ.5)  THEN 
WRITE  (1 , ' (T12.A) ' ) 

CO  TO  510 
END  IF 

WRITE  (1 , ' (T13 , A2,A) ' )  UP , ' 

CO  TO  PARAMETERS 

460  WRITE  (1,*)  UP, ERASE,'  Wavelength  -  ' , BELL , ' _ ’ 

READ  (1 ,*,ERR-460)  NUMBER 

IF  ((NUMBER.LT. 185.0)  OR. (NUMBER. CT . 3 l 52))  CO  TO  460 
IF  ((Bdat .EQ. ' 1' ) .AND. (NUMBER. CT.900.0))  THEN 
WRITE  (1,*)  UP, ERASE,'  UV/VIS  Datactor  Limit  -900  nm’.BELL 
CALL  Wait (2.0) 

CO  TO  460 
END  IF 

IF  ((Bdat .EQ. '2' ) .AND. (NUMBER.LT. 700.0))  THEN 
WRITE  (1,*)  UP , ERASE, 1  NIR  Datactor  Limit  -  700  run'  ,  BELL 
CALL  Wait (2.0) 

CO  TO  460 
END  IF 

CALL  Str(NUMBER, String, 6) 

Wlength— String(2: 8) 

WRITE  (1,*)  UP, ERASE,'  Slewing  to  _' 

WRITE  (1 , ' (F6.2.A4)  •  )  NUMBER,’  nm: ' 

CALL  COTO(Wlength) 

CO  TO  INSTRUMENT 


470  WRITE  (1,*)  UP, ERASE,'.' 

IF  (PARAMC5) . EQ. 2)  CO  TO  480  !  AUTOSLIT  Moda  (Both  Detectors) 

IF  (PARAM(22) . EO. 2)  CO  TO  480  !  NIR  Datector  ->  AUTOSLIT  Mode 
IF  (WAVELENCTH.CT. 900.0)  THEN 

CO  TO  480  !  Lamda  >900  nm  ->  AUTOSLIT  Mode 

END  IF 

IF  (WAVELENCTH.CT. 300.0)  THEN 

IF  (PARAM(22) . EQ.O)  CO  TO  480  !  AUTO  Datector  ->  AUTOSLIT  Mode 
END  IF 

WRITE  (1,*)  '  Spectral  Bandwidth:  (0.04  -  3.60  nm)  -  '.BELL,'.' 
READ  (1 , * , ERR-470)  BAND 

IF  (^BAND.LT.O  04)  OR. (BAND. CT. 3. 60))  CO  TO  470 
CALL  St r ( BAND. St r i ng , 4) 


!  Save  Index  * : 

1  Update  Wavelength 
!  Update  SBW/CAIN 
!  Pen  Funct i on 


!  Update  Pen  Limits 
!  Index  For  Deriv  &  Log 
!  PEN  -  NORMAL  Modes 
!  Absorbance  &  KT  Range 
!  Index  For  Temp.  Range 


!  Update  Parameters 


Command- Var  se  t  //'9'//String(2:5)//’  !0' 

CALL  Send! Command) 

CO  TO  510 

String-' ( 1  -  1275)' 

IF  (PARAM(22) .NE.2)  Scring-'(1  -  1000)’ 

WRITE  (1,*)  '  CAIN:  ' , St r i ng( 1 : 10) , ’  -  ' , BELL, 1 _' 

READ  (1 ,*,ERR-470)  NUMBER 

IF  ( (NUMBER.LT. 1.0). OR. (NUMBER. CT. 1275.0))  CO  TO  470 
IF  ( (NUMBER. CT. 1000,0) .AND. (PARAM(22) .NE.2) )  CO  TO  470 
TRANSFER-. FALSE. 

**********************  SPECIAL  ENTRY  POINT  ********************* 
Baseline  CAIN  Request  >  10*CAIN  :  Reset  CAIN  and  RETURN 


490  J-0 

RATIO-NUMBER/GAIN 
DO  WHILE  (RATIO. CT. 10.0) 

J-J+l 

NUMBER-NUMBER/10.0 
RATIO-NUMBER/CAIN 
END  DO 

CALL  S t  r(NUMBER, St  r 1 ng , 4) 
Command-Varsec//' 5 ' //St  r ing(2 : 5) / / ’ ! 0 * 
CALL  Send(Command) 

DO  500  I-l,J 

NUMBER-NUMBER* 10.0 
CALL  St r (NUMBER, St r l ng, 4) 

CALL  Walt (2.0) 

Command-Varset//' 5 ' //S t  r 1 ng(2 : 5)// ' ! 0 ’ 
CALL  Send (Command) 

500  CONTINUE 

IF  (TRANSFER)  THEN  !  Return  to  Bas 

CAIN— NUMBER  !  With  Instrume 

TRANSFER-. FALSE.  !  To  Requested 

CO  TO  220 
END  IF 


!  Return  to  Baseline  Setup 
!  With  Instrument  CAIN  Matched 
!  To  Requested  Baseline  Cain 


510  WRITE  (1,*)  UP, ERASE,'  Waiting  for  CARY  to  settle:  ' , BELL, 1  ' 
CALL  Wait (5.0) 

WRITE  (1 ,*) 

IF  (K.EQ.5)  WRITE  (  1  ,  ' (112 , A) ' ) 

CO  TO  560 


520  N-8 

IF  (PARAM(l) . EQ. 0)  N-7 

I-N 

CALL  Select  ( I  ,P.\RAM,  Pst  r) 
I-i+OFFSET (N) 

CALL  Val (Pst r(N, I ) .NUMBER) 

ZERO-O . 0 

IF  (N.EQ.8)  THEN 

IF  ( NUMBER. CT. 100.0)  CO  TO  550 
CO  TO  530 
END  IF 


a 


1070  IF  (NUMBER. CE. 1 .0)  THEN 

ICl  NUMBER-4. 0-NUMBER 

1072  CO  TO  530 

1073  END  IF 

10- 4  NUMBER-3.0 

1075  530  WRITE  (1 , ' (T13 ,A2,A2,A1S) ' )  UP. ERASE,’  Zero  Suppress: 

1076  IF  (N.EQ.8)  THEN 

10-7  WRITE  (1,*)  '(0  -  100S)  -  ' , BELL, 

1073  CO  TO  540 

1079  END  IF 

10S0  WRITE  (1 , ' (A9.F4.2.A4.A.A) ' )  '(-0.5  to  ’.NUMBER,’)  -  ',BELL,'_' 

1081  540  READ  ( 1 . * , ERR-530)  ZERO 

1082  IF  (N.EQ.8)  THEN 

1 C83  IF  ((ZERO. LT. 0.0) .OR. (ZERO. CT. 100.0))  CO  TO  530 

1084  CO  TO  550 

10.85  END  IF 

1086  IF  ((ZERO. LT. -0.5) .OR. (ZERO. CT  NUMBER))  CO  TO  530 

1087  550  CALL  S t r (ZERO. S t r I ng , 3) 

1088  Pcode-'0' 

1089  IF  (N.EQ.3)  Pcode-’ : ' 

1090  Command-Varsac //Pcoda//S t r I ng( 1 : 5)//' ! 0 ' 

1091  CALL  Sand (Command) 

1092  WRITE  (1 , ' (T1 2 , A) ' ) 

1093  560  WRITE  (1 ,*)  UP. 

1094  CO  TO  PARAMETERS 

1095  C 

1096  C  - - - - - 

1097  C 

1098  C  Lamp  and  Datactor  Mode  Saiaction 

1099  C 

1  100  c  - - - - 

1101  c 

1102  570  CALL  Partable(PARAM) 

1103  WRITE  (1.*)  HOME.CLR 

1104  TITLE-'lamp  4  Datactor  Modes' 

1105  CALL  Canter (TITLE) 

1106  CALL  Li na(NCOL) 

1107  ’WRITE  (1 (T15 .A5.T27 .A8.T47.A4) ’ )  ' I NDEX’ , ' FUNCTI ON ’ , ’ MODE ’ 

1108  CALL  Llne(NCOL) 

1109  WRITE  ( 1 .*) 

1110  'WRITE  (  1,580)  '1:  . LAMP  POWER . 

1111  4Pst  r (20 , PARAM(20)+l ) 

1112  WRITE  (  1,580)  '2:  ..  ..LAMP  SELECT .  ', 

1113  &Pst  r (21 , PARAM(21 )  +  l ) 

1114  WRITE  (1.580)  '3:  . DETECTOR  SELECT .  ’. 

1115  &Pst  r(22 , PARAM(22)  +  l ) 

1116  WRITE  (1,580)  ’X;  . EXIT  TO  MENU .  ' 

1 117  WRITE  ( 1 ,*) 

1118  CALL  LINE(NCOL) 

1119  580  FORMAT  (T16.A30.A14) 

1120  WRITE  ( 1 ,*) 

1121  590  WRITE  (1 . ’ (T15.A2.A2.A9, A.A) ' )  UP , ERASE ,  '  I NDEX  * :  ' . BELL ,  ’  _  ’ 

1122  READ  (1,80)  Coda 

1123  CALL  Upper (Coda) 
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1124 

1125 

1126 
1127 
1123 

1129 

1130  C 

1131  C 

1132  C 

1133  C 

1134  C 

1135  C 

1 136  C 

1137  600 

1138 

1139 

1140 

1141 

1142 

1143 

1144 

1145 

1146 

1147 

1148 

1149 

1150  610 

1151  620 

1152  630 

1 153 

1154 

1155 

1156 

1157 

1158 

1159 

1160 
1161 
1162 

1 163 

1164 

1165 

1166 

1167  640 

1168 

1  169  650 

1170 

1171 

1172 

1173 

1174 

1175 

1176 

1177  660 


IF  (Code . EQ . ' X' )  CO  TO  ADVANCED 
N— I  CHAR  (Code ) -48 

IF  ((N.LT. 1) .OR. (N.CT.3))  CO  TO  590 
N— (N- 1 )+20 

CALL  Se 1 ect (N , PARAM , Pst r ) 

CO  TO  LAMP 


Accessory  Mode  Selection 


CALL  Partable(PARAM) 

DO  610  1-1,2 
Access( I )-' CFF' 

ASCI  I— (1-1/ +48 
Pcod*-CHAR(ASCI l) 

Command-Accof f//Pcode//CSM 

WRITE  (LN1T-38 , FMT-* , IOSTAT-N , ERR-999)  Command 
READ  (UNIT-38, FMT-620 , IOSTAT-N , ERR-999)  Response 
IF  (R*spon**(2:2) .EQ. ’P' )  THEN 
Access( I )— ' ON' 

Command-Accon//Pcod*//CSM 
CALL  Send(Comuiand) 

END  IF 
CONTINUE 
FORMAT  (A64) 

WRITE  (1,*)  HOME , CLR 
TITLE-' Accessory  Control' 

CALL  Center(TITLE) 

CALL  Llne(NCOL) 

WRITE  (1 , ' (T15 ,A5,T27,A8,T46,A4) * )  ’  INDEX' ,' FUNCTION MODE' 
CALL  Line(NCOL) 

'WRITE  (1  ,*) 

WRITE  (1.640)  '1:  ..  .TEMPERATURE  READOUT. . .  \Access(l) 

WRITE  (1,640)  '2:  ...PRINTER .  ',Access(2) 

IF  (Acc«ss(2) .EQ. 'ON' )  THEN 
'WRITE  (1  ,  ’  (T49,A2,A3,A12)’  )  UP,’  :  '  ,  Pr  i  nt  e  r  ( I  P) 

END  IF 

WRITE  (1,640)  'X:  ..  .EXIT  TO  MENU .  ','  ' 

WRITE  (1 ,*) 

CALL  Llne(NCOL) 

FORMAT  (T16.A30.A4) 

WRITE  (1 ,*) 

'WRITE  (1 , ’ (T15.A2.A2.A9, A, A)' )  UP, ERASE, ' INDEX  *  :  '.BELL,’  ' 
READ  (1,80)  Cod* 

CALL  Upper (Cod*) 

IF  (Code, EQ. 'X' )  CO  TO  ADVANCED 
I- 1  CHAR (Code) -4  8 

IF  ( ( I . LT . I ) . OR . ( J . CT . 2 ) )  CO  TO  650 
ASCII  — M-D+48 
Pc ode— CHAR (ASCI  I ) 

'WRITE  M  ,  ’  f  T1  4  ,  a2  .  A2  ,  A )  '  )  UP, ERASE,',' 


57 


i : ? 3  write  u.*)  •  (off-o.  on-d  ?  1 , bell.  ' 

11*9  READ  ( 1  ,  1  (  12)  '  ,  ERR-660)  ASCII 

1130  Code— CHAR  (ASCI  1+48) 

1 1 31  ! F  ( , Code .  NE. ' 0  '  )  .  AMD .  ( Code . ME .  ' 1' ) )  CO  TO  660 

1  1  32  Commend- '  (3F '  //Code/  /  Pcode//CSM 

1133  CALL  Send(Command) 

1134  IF  ( Code . EQ . ’ 0 ' )  CO  TO  699 

1135  IF  (I .EQ. 1)  THEN 

1136  N— 9 

US’  CALL  Se  1  ect  (N ,  PARAM ,  Pst  r ) 

1133  CO  TO  699 

1139  END  IF 

1190  C  - - - . 

1191  WRITE  (1,*)  HOME , CLR 

1192  TITLE-' Printer  Mode' 

1193  CALL  Center (TITLE) 

1194  CALL  Llne(NCOL) 

1195  WRITE  (1 (T15 , A5 , T27 , A8 , T46 , A4) ' )  ' INDEX’ ,' FUNCTION' ,' MODE ' 

1196  CALL  Line(NCOL) 

1197  'WRITE  (1  ..'  (T46.A14)  '  )  Pst  r  (  40  ,  PARAM(  40)  ) 


1198  WRITE  (1,670)  '1:  . WAVELENCTH. 

1199  'WRITE  (1,670)  '2:  . TIME . 

1200  WRITE  (1,670)  '3:  . TEMPERATURE 

1201  WRITE  (1 .*) 

1202  CALL  Llne(NCOL) 

1203  670  FORMAT  (T16.A30) 

1204  WRITE  (I,*) 


1205  680  WRITE  (1 , 1 (T15,A2,a2,a9,A,A) 1 )  UP , ERASE ,' INDEX  *:  '.BELL,'  ’ 

1206  READ  (I, * (12)’ .ERR-680)  IP 

1-07  IF  ((IP.LT. 1 ) . OR . ( I P . CT . 3 ) )  CO  TO  680 

1208  ASCI  I-(  IP-D+48 

1209  Pcode— CHAR (ASCI  I ) 

1210  690  'WRITE  (  1  ,  ’  (TT5  ,  A2  ,  A2  ,  A!  1  ,  A,  A)  ’  )  UP  ,  ERASE  ,  ’  I NTERVAL  -  ',BELL,'_' 

1211  READ  (1 ,*,ERR-690)  NUMBER 

1212  CALL  Str(NUMBER, String, 4) 

1213  Commend-' @M' //Pcode //St rlng(l :3)//' ! 0 ' 

1214  CALL  Send(Commend) 

1215  699  Commend— ' 0DFO '  !  Update  Cary  Accessory  Displov 

1216  CALL  Send (Commend) 

1217  CO  TO  600 

1218  C 


;s 


Store  Spectrum 


1219  C 

1220  C 

1221  C 

1222  C 

1223  C 

1224  C 

1225  700  IF  ( (Sstat .NE. ' ACQUIRED’ ) .AND. (Sstat .NE. ’ STORED' ) )  THEN 

1226  WRITE  (1,*)  UP,  ERASE,  '  Spectrum  is  ABSENT:  '  ,  BELL, 

1227  CALL  Wait (2.0) 

1223  WRITE  (1,*) 

1229  CO  TO  70 

1230  END  IF 

1231  IF  (ABS(XMIN-ABSC) .CT.0.5)  THEN 

1232  710  WRITE  (1,*)  UP. ERASE,'  SCAN  ENDED  AT* ,APSC, '  run  (Expected: 

1233  &  XMIN , ' ) .  Proceed  (Y  or  N)  ?  ’ . BELL, 

1234  READ  (1,30)  I  code 

1235  CALL  Upper (I code) 

1236  IF  ( I  code . EQ. 'N* )  CO  TO  70 

1237  IF  ( (code . NE. ' Y' )  CO  TO  710 

1238  END  IF 

1239  TITLE-' Store  Spectrum' 

1240  720  'WRITE  (1,*)  HOME,  CLR 

1241  CALL  Center(TITLE) 

1242  CALL  Line(NCOL) 

1243  WRITE  (1 ,*) 

1244  WRITE  (1,*)  '  Researcher' ' s  Initials,  (AA-ZZ)  ?  ' . BELL, '_' 

1245  READ  (1 , ' (A2) ' )  INITIALS 

1246  CALL  Upper( INITIALS) 

1247  String-' . S ' //IN  IT  I ALS 

1248  WRITE  (1,*)  DOWN 

1249  WRITE  (1,*)  UP, ERASE,'  Filename:  (16  chars.)  ?  ',BELL,'_' 

1250  READ  (1 , ' (AI6) ' )  Name 

1251  CALL  Upper (Name) 

1252  K-16 

1253  DO  WHILE  (Name  1 K : K) . EQ. '  ') 

1254  K-K-l 

1255  END  DO 

1256  Fname-Name ( 1 : K) //S t r I ng( 1 : 4 ) 

1257  WRITE  (1,*)  DOWN,'  Directory,  (Return  -  /DEFAULT/)  ?  '.BELL. 

1258  READ  (l,’(A40)‘)  Directory 

1259  IF  (Dl rectory . EQ. ’  ')  THEN 

1260  Out f I  I e-Fname 

1261  CO  TO  730 

1262  END  IF 

1263  L-40 

1264  DO  WHILE  (Dlrectory(L:L) .EQ. '  ') 

1265  L-L-l 

1266  END  DO 

1267  IF  (Dlrectory(L.L)  EQ. '/’)  L-L-l 

1263  Out  f I  I e-OI rec  t  or y ( 1  : L) // ' / ’ // Fname 

1269  730  L-63 

1270  DO  'WHILE  ( Out  f  1  I  e  <  L :  L)  .  EQ .  ’  ’) 

1271  L-L-l 

127  2  END  DO 
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1273  740  WRITE  (1,*)  DOWN,'  Validating:  ’ , Out f i I e ( 1 : L) . ' 

127-1  OPEN  .UNIT-66  ,  FILE-Out  f  i  le(l  :L)  ,  1  OS  TAT-N  .  STATUS-'  NEW  ) 

1  275  WRITE  ( 1  ,  *) 

1276  IF  N.ME.O)  THEN 

1277  N-N-500 

1  27  3  WHITE  ( 1  ,  *)  UP, ERASE, 

1279  IF  (N.EQ.2)  WRITE  (1,*)  '  FILE  EXISTS.  1 . BELL, 

12 SO  IF  (N.EQ.3)  WRITE  (1,*)  '  FILE  OPENED:  '.BELL,'.' 

1231  IF  ( (N.NE.2) . AND. (N.NE. 3) )  WRITE  (1,+)  '  DISK  ERROR  *  \N. 

1282  &  BELL.'  _' 

1233  CLOSE  (UNIT-66,  STATUS-' DELETE' ) 

1234  CALL  Wai t (2 . 0) 

1235  CO  TO  720 

1236  END  IF 

1237  IF  (Coda.EQ. '*')  CO  TO  790 

1233  WRITE  (1,*)  UP, ERASE,  V*l|dat*d  Filtnaa*:  ',F nam« 

1239  WRITE  (1,*)  DOWN,'  Till*,  (72  chars):' 

1290  'WRITE  (1,*)  *  '  ,  BELL ,  ' 

1291  READ  (1,750)  TITLE 

1292  750  FORMAT  (A72) 

1293  WRITE  (I,*)  DOWN , *  Data,  (MM/DD/YY) :  ' , BELL, ' 

1294  READ  (1 ,760)  DATE 

1295  760  FORMAT  (A3) 

1296  WRITE  (1 .<)  DOWN 

1297  770  WRITE  (1.*)  UP, ERASE.'  Cement  rat  I  on.  (M)  :  ’,3ELL,'_' 

1298  READ  ( 1 , * , ERR-770)  CCNC 

1299  IF  (CCNC.LT.0.0)  CO  TO  770 

1300  WRITE  (1.*)  DOWN 

1301  780  WRITE  (1.*)  UP, ERASE.'  Pathlangth,  (cm):  '.BELL.'.' 

1302  READ  (1 ,*,£RR-780)  PATH 

1303  IF  (PATH. LT. 0.0)  CO  TO  780 

1304  C  . 

1305  790  J— 49  !  a  of  Paran<*t*rs 

1306  K-U  !  »  of  Variables 

1307  VARIABLE(6)-SPECCAIN  !  Stor*  CAIN  At  Smax 

1308  VARI  ABLE(  10)-SPECBAND  1  Stor*  SB'W  At  Smin 

1309  WRITE  (l.w)  DOWN,'  Storing  Fil*:  '. Out f i 1 •( 1 : L) , BELL 

1310  WRITE  (  66  ,  FWT-7  50  ,  I OSTAT-N  ,  ERP.-820 )  TITLE 

1311  WRITE  (66 , FMT-760 , I OSTAT-N , LRR-820)  DATE 

1312  WRITE  ( 66 , FMT , I OSTAT-N , ERR-H20 )  XMIN .  XMAX. XSTEP . CONC, PATH 

1313  WRITE  166,  FMT-*  I OSTAT-N, ERR-820)  ORD.ABSC, CELL. CYCLE. SAMri.C. 

1314  6WAVE. TIMER, TtMP.DIST 

1315  WRITE  (66.FMT-8Q0, IOSTAT-N , ERR-820)  J , X , NARRAY 

1)16  300  FORMAT  (13,13,16) 

1317  WRITE  (66. FMT-8 10. IOSTAT-N, ERR-820)  ( PARAM( I ) , I -1 ,  J ) 

1318  810  FORMAT  (12) 

1319  WRITE  (66, FMT-*, I OSTAT-N, ERR-820)  (VAR  I ABLE(  I )  ,  1-1 , K) 

1320  WRITE  (66, FMT-*, IOSTAT-N. ERR-820)  (Y( I). 1-1 .NARRAY) 

1121  WRITE  (66. FMT-*, IOSTAT-N, fRR-820)  (X( I ), l-t .NARRAY) 

1)22  CLOSE  (UNIT-66, IOSTAT-N. ERR-820, STATUS-' KEEP' ) 

1323  S* tat-' STORED' 

1)24  CALL  Walt (2.0) 

1)25  CO  TO  MENU 

1  32*>  C  . . 


1327  320  WRITE  (1,*)  UP, ERASE, '  Diak  Error  # ' ,  N . BELL , ' 

1323  WRITE  (I,*)  'R... RESAVE,  X  ..EXIT  to  Menu  ?  '  ,  SELL. 

1329  READ  (1.30)  Code 

1330  IF  ( ( Code .  NE. ' R 1 ) . AMD . (Code . ME . 'X1 ) )  CO  TO  820 

1331  WRITE  (1,*)  UP. ERASE,'  D* 1 e t i ng  0 1 d  F i 1 e :  ’ .Out fi le( 1 : L) . BELL. 

1332  S'  _■ 

1333  CLOSE  (UNIT-60, I OSTAT-N , ERR-S20 , STATUS- 'DELETE' ) 

1334  CALL  Wai t ( 2 . 0) 

1335  IF  (Code . EQ. ' R’ )  CO  TO  720 

1336  Fname-'  ' 

1337  Sstat-' ACQUIRED' 

1333  CO  TO  MENU 

1339  C 

1340  C  . . 

1341  C 

1342  C  Exit  Program 

1343  C 

1344  C  . . . - . . . - . 

1345  C 

1346  900  IF  (Satat ,EQ. 'ACQUIRED' )  THEN 

1347  WRITE  (1,*)  UP, ERASE,'  SPECTRUM  NOT  STORED: ’ . 

1343  4  '  Exit  (Y  or  N)  ?  ',8ELL,'_' 

1349  READ  (1.80)  Code 

1350  CALL  Uppe r (C  ue  , 

1351  IF  (Code . EO  ’ V )  CO  TO  70 

1352  IF  (Code . VL. ' Y’ )  CO  TO  900 

1353  END  IF 

1354  910  WRITE  (1,*)  UP. ERASE,'  Set  To  STANDBY,  (Y  or  N)  7  '.BELL,'.' 

1355  READ  (1.30)  Code 

1356  CALL  Uppe r ( Code ) 

1357  IF  (Code . EQ. ' N' )  CO  TO  920 

1358  IF  tCode.VE. 'Y' )  CO  TO  910 

1359  CALL  Send(Standby) 

1360  920  'WRITE  (1.*)  UP, ERASE. UP 

1361  STCP 

1362  C 

1363  C  . 

1364  C 

1365  C  IEEE-488  Error  Exit 

1366  C 

1  367  C  . - . 

1363  C 

1369  999  'WRITE  (1.*)  *  Error  e'.N 

1370  STCP 

1371  END 


*-*-t+ir-r-x-*+ir  £\Q  OF  VIA  I  N  PROCRAM  ■*■*•* '*+-*■**'*-*-*-*'* -*'*+  *'*'•  ■---. 
SLOCK  DATA  FOR  MAMED  COMMON  BLOCK  INITIALIZATION 


-*'*•-* 


JALIAS  /MODE/,MOaLLOCATE 
SAL  I  AS  /CARY/.NOALLOCATE 
SAL I  AS  / I P/ , NOALLOCATE 

Sal i as  /is/.noalj.ocate 
BLOCK  DATA  Arrays 
INTECER  NDATA , XMGCE , YMCDE 
INTECER  NPAR(49) .OFFSET (49) 

REAL  ORD , ABSC , CELL . CYCLE , SAMPLE . WAVE .TIMER, TEMP , D I  ST 
CHARACTER  Pnama ( 4  9 ) *  1 0 , V name  ( 1 4 ) *  3 
COMMON  /MOCE/NDATA , XMODE . YMCDE 

COMMON  /CARY/ORD , ABSC . CELL, CYCLE , SAMPLE , WAVE .TIMER, TEMP , DI ST 
COMMON  / 1 P/NPAR , OFFS  ET 
COMMON  / 1  S/Pname  ,  Vnao* 

C 

DATA  NDATA, XMODE. YMODE/0. 0,0/ 

DATA  ORD , ABSC , CELL , CYCLE . S AMPLE , WAVE . T I MER . TEMP , DI ST/0 . 0 . 0 . 0 . 0 . 0 . 
SO. 0,0. 0,0.0. 0.0,0. 0,0.0/ 


DATA  NPAR/6 , 4 , 11,11, 
43.3,2,6,2.4,2,3,5,2, 


,3, 9, 7, 4, 3. tl, 16, 8, 10, 4, 2. 2, 2, 2, 4, 3, 

,0,0, 3. 0,2, 0.0, 0,0, 0,0, 0,0,0/ 


DATA  OFFSET/0 ,0,0,4,0.0.0,9.11,0.0,0,0,0,0,0.0,0.0,0.0,0,0,0.0, 
40.0,0,0,2,6,3,0,0.0,0,0,0,0,0,0.0,0,0,0,0,0,0,0/ 

DATA  Pname/ ' Ord i nat vbac i **»',' Scan  Rat  e Chart  ./cm'  . 

V  Re  f . Mod# ’  , ' Pen  Funct  n'.'A  range '.'NT  Range’, 'Temp. Range', 

S'  Log  Zero'  ,  '  De  r  Range  '  ,  '  De  r  .  Temp '  ,  '  K  I  ne  >.  .  P.nge  *  ,  ’  Temp  .  Zero' 

S'  Period'  ,  'Beam  Chge '  ,  '  Sequencer  '  ,  ' Auc  o . Op'  ,  'Chart  Op '  , 

S’Lamp  Pwr'.'lamp  Se I '  , ' De t . Se 1 '  ,  ’ S  I  1 1  Hgt ‘ ' BLN  Det', 

S' BLN  Lamp  '  ,  '  ULN  Ref, 'BLN  S  I  1 1  '  ,  ’  No  ce  I  1  *  '  ,  *  Samp  le  '  . 

S'  Cur  v  Ht’.’RecPrec'.'Met  hod ',  'Result',  'Auto  Kin', 

S' Samp/Av .  ' , '  '  , '  '  .  ' BLN  S  t  at '  . '  '.'Printer','  ' , '  * , 

S’ TEST'  , 'TEST*  , 'TEST'  , 'TEST'  .  'TEST'  , 'TEST' , ’TEST’/ 

DATA  Vname/ ’ A  ze ro ' , ' BL  SBW/C ' , ’ BL  Wmax ’ , ' BL  Wm i n ' , 

S'Cyc  Tlme'.'Sel  Cain','';yc!ee‘,'N«*|ngthi','Rec  Time', 

S ' Se I  SOW  , ' NT  Zero', ' SEQ  Wmax '  , ' S  F  Q  Wm in'  , 'Distance'/ 


i) 


Select  Mode  of  Operation  for  Specific  Parameter 


1418  C 

1419  C 

1420  C 

1421  C 

1422  C 

1423  C 

1424  C 

1423  'ALIAS  /IP/, NOALLOCATE 

1426  5ALIAS  /IS/, NOALLOCATE 

1427  SUBROUTINE  S# 1 ect (N , PARAM, Ps t r ) 

1423  INTEGER  ASCII , l.J, K. N.NCOL 

1429  INTECER  SPAR ( 49) , OFFSET (49) , PARAM ( 49 ) . 1NCEX(  1 1 ) 

1430  CHARACTER  Pnaxn*(49)*10  ,  Pst  r  ( 49 , 16)*  1 4  ,  Vnam*  (  14)  *8 

1431  CHARACTER  CoMMnd*44  ,  CSM,  1  cod*  ,  K*y"*2 ,  Pcod#  ,  Parse  t  *2  ,  T I TLE*72 

1432  CHARACTER  3ELL, CLR*2 , ESC, ERASE*2 , DOWN*2 ,  HCME*2 , UP* 2 

1433  COMMON  / 1  P/NPAR ,  OFFSET ,  / 1  S/Pnatu*  ,  Vnam* 

1434  DATA  COM ,Key,Pars*t/'0' , '30' , '  IjH'  / 

1435  DATA  ( INDEX( I ) , 1-1 , 1 1 )/l .3, 4. 6, 7, 9. 10, 12, 13 , 15. 16/ 

1436  BELL-OMR(7) 

1437  ESC-CHAR(27 ) 

1438  CLR-ESC/ /  ‘  J  ' 

1439  DOWN-ESC//' B* 

1440  ERASE-ESC//' K' 

1441  HOME-ESC//' h‘ 

1442  UP-ESC// ' A ' 

1443  NC0L-50 

1444  10  WRITE  (1.*)  HOME. CLR 

1443  TITLE-' Operat 1 Mod*  S*l«ction' 

1446  CALL  C*nt*r (TITLE) 

1447  CALL  L I n« (NCCL) 

1448  'WRITE  (1  .  ’  (T15,A3,T30,A10)'  )  '  I  ndex'  .  Pnam*  (N) 

1449  CALL  Llne(NCOL) 

1450  'WRITE  (1  ,*) 

1431  DO  20  1-1 , NPAR(M) 

1432  J-I+OFFSETCM) 

1433  IF  ((N  EO  4)  AND. (J.EQ.5))  J-l  !  Chart  Index  Offset 

1434  IF  (M . E0 .11)  THEN  !  Derivative  Modes 

1433  J-INDEX(I)  I  Use  Valid  Index 

1436  IF  ( ( PARAM ( 1 )  N  E  .  0 ) . AN D . ( I . LE . 4 )  )  CO  TO  20 

1457  END  IF 

1453  WRITE  (1,30)  !  .  '  •  . '  ,  Ps  i  r  ( M  ,  J  ) 

1459  20  CONTINUE 

1460  30  FORMAT  ( T 1 6  ,  i 2 . A 1 0 , T30 , A 5 4 ) 

U6I  WRITE  (1  ,  *) 

1462  CALL  Llne(NCOL) 

1463  WRITE  (1 ,*) 

1464  40  WRITE  (1 . ' (T15.A2.A2.A9. A, A>‘ )  UP  , ERASE I ndex  •:  *  , BELL . ' _ ’ 

1465  READ  (  1  ,  '  (  12)  '  . ERR-40)  K 

1466  IF  (OC.LT. 1 )  OR. (K.CT  NPAR(N) ) )  CO  TO  40  !  Invalid  Index  Entry 

1467  IF  'PARAM(t)  NE  0)  THFN 

|4A3  IF  ( nc  10  5), AND  :  N  EQ.6))  CO  TO  10  ■  Only  LoR'Absi  Vaiid 

1469  IF  OK.LE.4l  AND  (N.EO.J1))  CO  TO  40  '  Invalid  Her  tv  Index 

1470  END  IF 

1471  IF  '!  N  EO  33)  vNO  K.CT  2)1  CC  TO  ->0 


B.»  f  *  I  t  n*  Setup  '  In.le 


!  Index  To  Oeriv  '■lode 


14-2 

IF  (N.EQ.  11)  K-I.NDEX.'K) 

1 

W"  3 

50 

ASCI !-'  K-l ) -OFFSET (N) +48 

14-4 

IF  ((N.EQ. 4)  .AND.  i.K.EQ.  1)) 

ASCI  I -kSC I  I -4  ! 

U~J 

I  code— CHAR (ASCI  1 ) 

14-6 

ASCI  I— <N- 1 )-43 

1  4  -  - 

Pcode— CHAR (ASC I  I ) 

14-3 

Command-Parset//  Pcode  icode/,  CS.M 

-.4-9 

CALL  Send(Coaxruind) 

1430 

IF  ( (N.EQ. 6) .AND. (K.CT.2) ) 

THEN  ! 

1431 

N-t  1 

i 

1432 

IF  ,K.EQ.5)  M— 10 

i 

1433 

CO  TO  10 

1 

1434 

LND  IF 

1433 

N-K 

I486 

RETURN 

1437 

60 

IF  (K . EQ. 4)  CO  to  40 

1433 

Pcode-CHAR(4S*N-l) 

1489 

Cci:«nand-Pars<s  t  //Pcode//  *  0  ' 

//CSM  !  Set 

1490 

CALL  Send(Cocamand) 

1491 

Command— Key// '10' 

I  Key 

1492 

CALL  Send (Command) 

1493 

Command— K«  y// ' -O ' 

•  Key 

1  494 

CALL  Send(Command) 

1495 

Command-Key// ' hO ' 

I  Key 

1  496 

IF  (K. EQ. 3)  CO  TO  70 

1497 

CALL  Fend (Command) 

1493 

70 

CALL  Ser;d( Command) 

1499 

CALL  Fend (Co  amend) 

1  SCO 

Comm'  nd— Key// ’ -O' 

I  Key 

1301 

CALL  Ser*' ( Command) 

1502 

N— K 

1503 

IF  (K.EQ.5)  N— 2 

1504 

RETURN 

1503 

LND 

Chart  Index  Offset 

Special  Pan  Modes 
Derivative  Modes 
Log(Afcs)  Mode 
Select  Setting 

Status  To  OFF 

-  1 

-  ENTER 

-  RIGHT  CURSOR 

-  ENTER 
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1506  C 

1507  C  - - 

1508  C 

1509  C  Baseline  Scan  Control 

1510  C 

1511  C  . - . . . - . 

1512  C 

1513  SUBROUTINE  B1  1  ne (WMIN ,  WMAX,  Bde  t  ,  Bga i  n ,  B1  amp  ,  Bper  i  od  ,  Brat  e  ,  Bre  f  , 

1514  &Bsbw , Bs 1  it , Bscan , Bt ime , MATCH , MODE) 

1515  INTECER  INDEX,. MODE,  N.NCOL 

1516  REAL  NUMBER ,  WM I N  ,  WMAX 

1517  LOGICAL  .MATCH,  MON  I  TOR 

1518  CHARACTER* (* )  Bde t , Bga i n , B 1  amp , Bpe r i od , Brat e , Bre f 

1519  CHARACTER* ( * )  Bsbw, Bs 1 i t , Bscan, Bt i me 

1520  CHARACTER  Bgbw*4 , BELL, Code , CLR*2 , DOWN* 2 , ERASE*2 , Esc , HOME*2 , UP*2 

1521  CHARACTER  Bail n*6 , Bmax*6 , Command*44 , Response*64 , S t r i ng*l 4 

1522  CHARACTER  Aut obal*4 , B1 st at *5 , S t art *4 , T ITLE*72 

1523  DATA  Autobal  ,  B1  s  t  at  .Start  /'(aDUQ'  , ' @C1U0 ' , '  @DP0 '  / 

1524  Esc-CHAR(27> 

1525  BELL-CHAR(7) 

1526  CLR-Esc//’ J ' 

1527  DOWN— Esc// ' B’ 

1528  ERASE-Esc// ' K' 

1529  HOME-Esc//' h1 

1530  UP-Esc// ' A' 

1531  MONITOR-. FALSE.  !  For  Testing  Routine  ONLY 

1532  NCOL-70 

1533  IF  (WMAX.CT. 800.0)  WMAX-WMAX+0 . 2  !  *  Cary  Baseline  Bug  Fix  * 

1534  CALL  Str(WMAX, String, 5) 

1535  Bmax-S t r 1 ng(2 : 7) 

1536  IF  (WMIN.CT. 800.0)  WMIN-WMIN-0 . 2  !  *  Cary  Baseline  Bug  Fix  * 

1537  CALL  Str(WMIN, String, 5) 

1538  Bmi n— S t r 1 ng(2 : 7) 

1539  Bgbw-Bsbw  !  Only  One  Of  S8W  Or  CAIN  Is 

1340  IF  (MODE.EQ.2)  Bgbw-Bgain  !  Stored  By  Carv  For  Basel  i  •> 

1541  C  . - . - . 

1542  WRITE  (1,*)  HOME, CLR 

1543  TITLE-' Base  1 ine  Scan  Control' 

1544  CALL  Center(TITLE) 

1545  CALL  Llne(NCOL) 

1546  WRITE  (1,10)  DOWN,'  Wavelength  Limits,  (nm):  '.WMAX,'  /  '  ,WMIN 

1547  10  FORMAT  (T2 , A2 , A27 , F4 . 1 , A3 , F4 . 1 ) 

1548  WRITE  (1,*)  DOWN,'  Scan  Rate,  (nm/sec)  ’.Bscan 

1549  WRITE  (1,*)  DOWN,'  Response  Time,  (sec)  '.Btime 

1550  IF  (MODE. EQ. 1 )  THEN 

1551  WRITE  (I,*)  DOWN,'  Spectral  Bandwidt h , ( nm) :  '.Bsbw 

1552  CO  TO  20 

1553  END  IF 

1554  WRITE  (1,*)  DOWN,'  AUTOSLIT  Ca i n  Leve  1  :  \Bgain 

1535  20  WRITE  (1 ,*)  DOWN 

1556  WRITE  (1,*)  DOWN,'  Place  Solvent  Cells  In  BOTH  Beams:' 


1357  'WRITE  (1,*)  DOWN,'  S . Start  Scan' 

1558  WRITE  (1,*)  DOWN,'  A . Abort  Scan' 


1559  WRITE  (1,*)  DOWN,'  Enter  the  CODE:  '.BELL, 
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I 


1 5oO 

1 561 
1  5o2 
1 5o3 

1564 

1565 
1 5oo 
1567 
1563 

1569 

1570 

1571 

1572 

1573 

1574 

1575 

1576 

1577 

1578 

1579 
1530 

1581 

1582 

1583 

1584 

1585 

1586 

1587 

1588 

1589 

1590 

1591 

1592 

1593 

1594 

1595 

1596 


30  READ  (1 , ' (Al) ' )  Code 
CALL  Upper(Code) 

IF  (Code.EQ. ' A' )  THEN 
MATCH-. FALSE. 

RETURN 
END  IF 

IF  (Code.NE. 'S' )  CO  TO  30 

WRITE  (1,*)  UP, ERASE, UP , UP , ERASE, UP . UP , ERASE , UP, UP, ERASE,  ' 
WRITE  (1,*)  '  Sending  Baseline  Parameters:  ’ , BELL 
Command-' @J ' //Braax//' ! '//Bain//* !  V/Bgbw//’ ! '//Bref//'  !  '// 
&B1 amp//' ! '//Bdet//' ! ’// Bsl it//’ ! *// Brate//' ! '//Bperiod//' ! 0 ' 
WRITE  (UNIT-38, FMT-*, I OSTAT-N , ERR-999)  Command 
READ  (UNIT— 38 , FMT— 40 , IOSTAT-N , ERR-999)  Response 
40  FORMAT  (A64) 

IF  (Response (2 : 2) . EQ. ' N' )  THEN 
I NDEX- I CHAR( Response ( 4 : 4 ) ) -48 

WRITE  (1,*)  UP, ERASE,'  Parameter  Error:  ’.INDEX, BELL 
CALL  Wait (2.0) 

MATCH-FALSE. 

RETURN 
END  IF 

WRITE  (1,*)  UP, ERASE,'  Recording  Base  1 i ne :', BELL 
CALL  Send(Start) 

50  Command-BIstat 

IF  (MONITOR)  WRITE  (1.*)  '  Command  -  ' .Command 
WRITE  ( UN l T— 3 8, FMT-*, IOSTAT— N, ERR-999)  Command 
READ  (UNIT-38, FMT-40, I OSTAT-N, ERR-999)  Response 
IF  (MONITOR)  WRITE  (1,*)  '  Response  -  '.Response 
l NDEX- 1  CHAR (Response ( 6 : 6) ) -48 
IF  ( INDEX. NE. 1)  CO  TO  50 

WRITE  (1,*)  UP, ERASE,'  Performing  Auto  Ba 1 ance : ' , BELL 
CALL  Send( Aut oba 1 ) 

CALL  Walt (2.0) 

RETURN 

999  WRITE  (1.*)  ’  Error  <*',N,'  In  SUBROUTINE  Bline' 

STOP 

END 


1 


i 


I 


1 

3 


Co  To  Specified  Wavelength 


1597  C 

1598  C 

1599  C 

1600  C 

1601  C 

1602  C 

1603  C 

1604  SUBROUTINE  COTO(WI engt h) 

1605  INTEGER  LENSTR 

1606  CHARACTER  Asc i i , CSM, S 1 ew ,Mode 1 , Nee  1 1 , Range , Wi ndex 

1607  CHARACTER  Command*4 , Key* 2 

1608  CHARACTER-* (*)  Wlength 

1609  CSM-' O' 

1610  Key- 1  (§D' 

1611  Command-Key//' J' //CSM  !  Key  -  COTO  WAVELENCTH 

1612  CALL  Send (Command) 

1613  LENSTR-L£N( Wlength) 

1614  DO  10  I — 1 , LENSTR 

1615  Ascl 1-Wlength( I : I ) 

1616  IF  (Asci i .EQ. '  ' )  CO  TO  10 

1617  IF  (Asci i . EQ. * . * )  Ascii-’ : ' 

1618  Command-Key//Asc i 1//CSM  !  Key  -  NUMBER  (0-9) 

1619  CALL  Ser.d(Command) 

1620  10  CONTINUE 

1621  Command-Key//' - ' //CSM  !  Key  -  ENTER 

1622  CALL  Send(Command) 

1623  20  CALL  I  ns t at s ( S 1 ew , Mode  1 , Nee  1 1 , Range , Wi ndex) 

1624  IF  (Slew.NE. 'O’ )  CO  TO  20 

1625  RETURN 

1626  END 

1627  C 

1628  C  . — . - . . . 

1629  C 

1630  C  Instrument  Status  Test 

1631  C 

1632  C  . . 

1633  C 

1634  SUBROUTINE  I  ns t at s ( S ) ew, Mod# 1 , Nee  1 1 , Range , Wi ndex) 

1635  INTEGER  N 

1636  CHARACTER  S 1 ew , Mode  1 , Nee  1  I , Range , WI ndex 

1637  CHARACTER  S t at s*3 , Dat a* 1 2 

1638  Stats-' @B0 ' 

1639  10  WRITE  (UNIT-38 ,FMT-*, I OSTAT-N, ERR-999)  Stats 

1640  READ  ( UN  IT-3 8, FMT-20, I OSTAT-N, ERR-999)  Data 

1641  20  FORMAT  (A12) 

1642  S 1 ew— Da t a( 4 : 4 ) 

1643  Mode  I -Dat a ( 5 : 5 ) 

1644  Nee  1 1-Data(6 : 6) 

1645  Rang#-Data(7 : 7) 

1646  W I ndex-Dat a( 8 ; 8) 

1647  RETURN 

1648  999  WRITE  (1,*)  ’  Error  »',N,'  In  SUBROUTINE  Instats’ 

1649  STOP 

1650  END 
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Read  Parameter  Table  From  CARY  2390 


1651  C 

1652  C 
1  o53  C 

1654  C 

1655  C 

1656  C 

1657  C 

1658 

1659 

1 660 
1661 
1662 

1663 

1664 

1665 

1666 

1667 

1668 

1669 

1670 

1671 

1672 

1673 

1674 

1675 

1676 

1677 

1678 

1679 

1680 
1681 
1682 

1683  C 

1684  C 

1685  C 

1686  C 

1687  C 

1688  C 

1689  C 

1690 

1691 

1692 

1693 

1694 

1695 

1696 

1697 

1698 

1699 

1700 


SUBROUTINE  Partable(PARAM) 

1NTECER  LENSTR, N, INDEX, PARAM( 49) 
LOGICAL  TEST 

CHARACTER  Command* 3 , Rasponse*64 , Asc 1 i 
TEST-. FALSE. 


Command—' @E0' 

WRITE  (UNIT-38, FMT-*, IOSTAT-N, ERR-999)  Command 
READ  (UNIT-38, FMT-10, I OSTAT-N , ERR-999)  Response 
10  FORMAT  (A64) 

IF  (TEST)  WRITE  (1,*)  '  RESPONSE  -  ', Response 
Asci 1— Response (4 ; 4) 

LENSTR— ICHAR(Asc i 1 ) -48 

IF  (TEST)  WRITE  (1,*)  *  String  Length  -' , LENSTR 
DO  20  1-1 .LENSTR 
J— 1+4 


Asc 1 i-Response(J : J) 

IF  (TEST)  WRITE  (1,*)  '  ASCII  Character  -  Ascii 
INDEX— I CHAR (Asc i i ) -48 
PARAM( I )— INDEX 

IF  (TEST)  WRITE  (1,*)  '  Parameter  Index  -’.PARAM(I) 
20  CONTINUE 
RETURN 

999  WRITE  (1,*)  '  Error  #',N,'  in  SUBROUTINE  Partable' 
STOP 
END 


Read  Variable  Table  From  CARY  2390 


SUBROUTINE  V.-rt abl e (VAR! ABLE) 

INTECER  LENS! R( 14) ,N 
REAL  NUMBER, VARIABL£(I4) 

LOGICAL  TEST 

CHARACTER  Asc i 1 , CSM , Command* 3 , Response*64 , S  t  r 1 ng*l  4 , Varout *3 
DATA  (LENSTR( I) , 1-1 , 1 4) / 1 4 , 1 1 , 11 . 1 1 , 10 , 10 . 8 . 8 , 8 , U .  11  ,  11  ,  1 1  ,  11  / 
TEST-FALSE. 

CSM-'  O' 

Varout-'<3G2' 

DO  10  1-1 , 14 
J-l-1 


1701  Ascl i-CHAR( J+48) 

1702  Command-Varout //Asc i t //CSM 

1703  IF  (TEST)  'WRITE  (1,*)  '  Command  -  ', Command 

1704  'WRITE  (UNIT-38 , FMT-*, IOSTAT-N, ERR-999)  Command 
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1705  READ  (UNIT-38,  FMT-20,  I OSTAT-N ,  ERR-999'i  Response 

1706  IF  (TEST)  'WRITE  (1.*)  '  Response  -  '.Response 

1707  S  c  r ; ng-Response (6 : 6+LENSTR( I ) ) 

1708  IF  (TEST)  WRITE  (1,*)  '  String-  '.String 

1709  CALL  Val (St  ring, NUMBER) 

1710  VARIABLE(l) -NUMBER 

1711  IF  (TEST)  WRITE  (1,*)  '  VALUE  -' , VARIABLE( I ) 

1712  10  CONTINUE 

1713  20  FORMAT  (A64) 

1714  RETURN 

1715  999  WRITE  (1,*)  '  Error  *',N,'  in  SUBROUTINE  Variable' 

1716  STOP 

1717  END 

1718  C 

1719  C  . . . 

1720  C 

1721  C  Print  a  TITLE  Centered  in  72  columns 

1722  C 

1723  C  . - 

1724  C 

1725  SUBROUTINE  Center(TITLE) 

1726  INTECER  !,J,N 

1727  CHARACTER  TITLE*72 . BLANK*36 

1728  BLANK-' 

1729  1-72 

1730  J—0 

1731  DO  WHILE  (1CHAR(TITLE(I : I)) .EQ.32) 

1732  J-J+l 

1733  I-72-J 

1734  END  DO 

1735  N-J/2 

1736  WRITE  (1.*)  BLANK ( 1 : N) , T ITL£( 1 : I ) 

1737  RETURN 

1738  END 

1739  C 

1740  C  . . . - . . 

1741  C 

1742  C  Print  a  line  of  N  characters  (72  columns  max) 

1743  C 

1744  C  . . 

1745  C 

1746  SUBROUTINE  Line(N) 

1747  INTECER  I,N 

1748  CHARACTER  BLANK+72 , DLINE*72 , SPACE+36 

1749  SPACE-' 

1750  8LANK-S  PACE// S  PACE 

1751  SPACE-' . • 

1752  DL I NE-S PACE// SPACE 

1753  IF  (N.CT.72)  N-72 

1754  I-C72-N)/2 

1755  'WRITE  (1,*)  BLANK ( 1  :  I  )  ,  DLINE(  1  :  N) 

1756  RETURN 

1757  END 
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1758  C 
i  /jy  c 

1760  C 

1761  C 

1762  C 

1763  C 

1764  C 

1765 

1766 

1767 

1768 

1769 

1770 

1771 

1772 

1773 

1774 

1775 

1776 

1777 

1778 

1779 

1780 
1731 

1782 

1783 

1784 

1785 

1786 

1787  C 

1788  C 

1789  C 

1790  C 

1791  C 

1792  C 

1793  C 

1794 

1795 

1796 

1797 

1798 

1799 

1800 
1801 
1802 
1803 


Enter  and  Validate  Wavelength  Limits 


SUBROUTINE  Llmi t s (MIN .MAX) 

REAL  MIN, .MAX,  SWAP 

CHARACTER  BELL, ERASE* 2 , ESC, UP* 2 

BELL-CHAR(7) 

ESC-CHAR(27) 

ERASE-ESC// ' K' 

UP-ESC//' A’ 

10  WRITE  (1,*)  UP, ERASE, 

WRITE  (1,*)  1  Wavelength  Limits:  (Min, Max)  ’ , ERASE, BELL. ' . 
READ  ( 1 , * , ERR-10)  MIN, MAX 
MIN— ABS(MIN) 

MAX— ABS (MAX) 

IF  (MIN. LT. MAX)  CO  TO  20 

SWAP— MIN 

MIN-MAX 

MAX-SWAP 

20  M l N— I NT ( M I N+ . 5 ) 

MAX-INT(MAX+.5) 

IF  (MIN. LT. 185)  CO  TO  10 
IF  (MAX. CT. 3152)  CO  TO  10 
RETURN 
END 


Convert  String  Entry  To  Uppercase  If  Required 


SUBROUTINE  Upper (Code) 

INTECER  LENSTR , N 
CHARACTER* ( * )  Code 
LENSTR-LEN(Code) 

DO  10  1-1 , LENSTR 
N— I  CHAR ( Code ( 1:1)) 

IF  (N.CT.96)  Code( I : I )-CHAR(N-32) 
10  CONTINUE 
RETURN 
END 


Read  Daca  In  Real  Time  (INTERVAL)  Mode  From  CARY  2390 


1304  C 

1305  C 

1306  C 

1307  C 
1303  C 
1309  C 

1810  C 

1811  $EMA/DATA/ 

1812  SUBROUTINE  Acqui re( Inc , PRINT,SINCLE,WAVELENCTH) 

1813  INTECER  N , NCOL , NDATA , XMODE , YMODE , XOFF ( 4) , YOFF ( 6 ) 

1814  REAL  ORD.ABSC, CELL .CYCLE, SAMPLE, WAVE, TIMER, TEMP, 01  ST 

1815  REAL  X( 10001 ) ,Y( 10001 ) .WAVELENCTH 

1816  CHARACTER  Command*  1 0 ,  Da  t  a*64 , 1  nc*4 ,  Esc ,  DOW*!  ,  ERAS E*2  ,  UP*  2 

1817  CHARACTER  Sl*8 , S2*8 , S3 , S4 , S5*3 , S6*8 , S7*6 , S8*6 , S9*7 

1818  LOCICAL  CHECK, PR I  NT, SINGLE, TEST 

1819  COMMON  /MODE/NDATA,  XMODE, YMODE 

1820  COMMON  /CARY/ORD , ABSC , CELL, CYCLE . SAMPLE, WAVE, TIMER, TEMP , DI ST 

1821  COMMON  /DATA/Y.X 

1822  DATA  (XOFF(l) , 1-1 ,4)/7,5,5,6/ 

1823  DATA  (YOFF(l) , 1-1 ,6)/7,6,5,6, 11 .6/ 

1824  Esc-CHAR(27) 

1325  UP-Esc//' A' 

1826  DOWN-Esc//' B' 

1827  ERASE-Esc//' K' 

1828  CHECK- . FALSE.  !  Only  Used  For  Testing  Routine 

1829  TEST-. FALSE.  !  Only  Used  For  Testing  Routine 

1830  J— 2+YOFF (YMODE)  !  The  First  Two  Fields  In  Data  String 

1831  K-J+2  !  Vary  In  Length  With  Choice  Of  Abscissa 

1832  L-K+XOFF( XMODE)  !  And  Ordinate  -  XMODE  &  YMODE  Select 

1833  NW-L+2  !  The  Correct  Offsets  From  XOFF/YOFF 

1834  NCOL-70 

1835  IF  (.NOT. PRINT)  CO  TO  20 

1336  CALL  Line(NCOL) 

1337  WRITE  (1,10)  ' Ord i nat e ' , ' Absc i ssa ’ , 1 Ce 1 1 ’ , ' Cyc I e '  , ' Samp  1 e '  , 

1833  S'Wlength' , ’Time' , 'Temp, C' ,' DIst ' 

1839  10  FORMAT  (A1Q.A1Q,A5,A6,A7,A10,A8,A8,A8)  ** 

1840  CALL  Line (NCOL) 

1841  WRITE  (1,*)  DOWN 

1842  20  Command— '  (§K1 1’ //I  nc//' !  O' 

1843  IF  (TEST)  WRITE  (1,*)  '  Command  -  ', Command 

1844  WRITE  (UNIT-38, FMT-* , I OSTAT-N , ERR-999  "ommand 

1845  IF  (SINCLE)  THEN  •  . 

1346  READ  (UNIT-38 , FMT-30 , I OSTAT-N , ERR-S  9)  Data 

1847  S 6-Oat  a(M+9 : M+t  6 ) 

1348  CALL  Val (S6, WAVELENCTH) 

1849  RETURN 

1850  END  IF  — 

1851  30  FORMAT  (A64) 

1852’  .  DO  100  I -1, NDATA 

1853  /  READ  C  UN  I T-38 , FVT-30 , I OSTAT-N . ERR-999)  Data 

1854  C  IF  (CHECK)  WRITE  (.1,30)  Data 

1855  ,  Sl-Data(2:J)  !  Ordinate  -  Variable  Length  Field 

1356  S2-DatafK:L)  ■  !  Abscissa  -  Variable  Length  Field 

1857  S>-Oata(M:M)  !  Remaining  Fields  Are  F:\ed  Length 


i 


54- Oata(M+2 :M+3) 

55- Data(M+5 :M+7) 

S  6-Oat  a(M-t-9  :  M+ 1 6 ) 

S7-Dat  a(M+ !  3  :  M+23  ) 

SS-Data(M+25:M+30) 

S9-Dat a(M+32 :M+38) 

IF  (CHECK)  WRITE  (1.*)  51,52.53,54,55.56,57,53,59 
CALL  Val(Sl.ORD) 

CALL  Val (S2.ABSC) 

CALL  Val (S3, CELL) 

CALL  Val (S4, CYCLE) 

CALL  Val(S5, SAMPLE) 

CALL  Val (S6, WAVE) 

CALL  Val (S7, TIMER) 

CALL  Val (S8, TEMP) 

CALL  Val (S9 , DI ST) 

Y(I)-ORD  !  Ordinate  And  Abscissa  Stored  In  Arrays 

X( I )— ABSC  !  /CARY/  Variables  Return  Final  Reading 

IF  (.NOT. PRINT)  CO  TO  100 
WRITE  (1,*)  UP, ERASE. UP 

WRITE  (1.40)  ORD, ABSC. CELL. CYCLE. SAMPLE, WAVE, TIMER, TEMP, D I  ST 
FORMAT  (F10.4.F10.2.F5. 1 ,F6. 1 ,F7 . 1 .F10.2.F8. 1 .F8.2.FS.2) 

CONTINUE 
RETURN 

WRITE  (1.*)  ’Error  #’,N,’  in  SUBROUTINE  Acquire' 

RETURN 
END 
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1385  C  , 

1386  C  . - . - - - 

1887  C 

1838  C  Convert  ASCII  String  To  Numeric  Value  (10  Digits  Max'm) 

1889  C 

1890  C  . - - - - - 

1391  C 

1892  SUBROUTINE  Va 1 (St r i ng , VALUE) 

1893  1NTECER  DECPT , EXPON . LENSTR , N , NUM( 10) 

1894  REAL  VALUE 

1895  DOUBLE  PRECISION  MULT , S 1CN , TEN , DECIMAL 

1896  CHARACTER  Ascii 

1897  CHARACTER* ( * )  String 

1898  LOCI CAL  INTECER.TEST 

1899  INTEGER-. TRUE. 

1900  TEST-. FALSE.  !  Only  Used  For  Testing  The  Routine 

1901  J-l 

1902  K-0 

1903  DECPT-0 

1904  SICN-1.0 

1905  TEN-10.0 

1906  DECIMAL-0.0 

1907  LENSTR-LEN ( S  t  r i ng) 

1908  IF  (TEST)  WRITE  (1,*)  1  String  Number  -  '.String 

1909  IF  (TEST)  WRITE  (1.*)  '  String  Length  , LENSTR 

1910  DO  100  1-1 .LENSTR 

1911  Asc i i-Sc  r I ng( 1:1) 

1912  N— I CHAR ( Asc 1  I ) 

1913  IF  ((N.CE.48) .AND. (N.LE.57))  CO  TO  20 

1914  IF  (N.EQ.46)  INTEGER-. FALSE . 

1915  IF  (N.EQ.46)  DECPT-K 

1916  IF  (N.EQ.45)  SIGN— 1 .0 

1917  CO  TO  100 

1918  20  NUM(J)-N-48 

1919  K-J 

1920  J-J*l 

1921  100  CONTINUE 

1922  IF  ((DECT.EQ.O) .AND. (INTECER))  DECPT-K 

1923  "O  200  J-l  ,  K 

1924  EXPON-QECPT - J 

1925  MULT-TEN** EXPON 

1926  DECIMAL-OEC!MAL*NUM(J)*MULT 

1927  200  CONTINUE 

1928  VALUE-SICN*DFC1MAL 

1929  IF  (TEST)  WT  *E  (1.*)  '  Value  VALUE 

1930  RETURN 

1931  END 


193:  c 

1933  C 

1934  C 

1935  C 

1936  C 

1937  C 
1933  C 

1939 

1940 

1941 

1942 

1943 

1944 

1945 

1946 

1947 
1943 

1949 

1950 

1951 

1952 

1953 

1954 

1955 

1956 

1957 

1958 

1959 

1960 

1961 

1962 

1963 

1964 

1965 

1966 

1967 

1968 

1969 

1970 

1971 
1  972 
197  3 

1974 

1975 

1976 

1977 
197  8 

1979 

1980 

1981 
1932 

1983 

1984 


Convert  Number  To  ASCII  String 


SUBROUTINE  S t r( VALUE, St r i ng , PREC) 

INTEGER  ASCI  I .DECPT, l , J , LENSTR, NDIC IT .NUMBER , PREC 
REAL  VALUE 

DOUBLE  PRECISION  DECIMAL, FRACTION , TEN 
CHARACTER  Concat*14, Digit (12) , S 1 gn, St  ring* 14 
LOGICAL  INTEGER, TEST 
I NTECER- . TRUE . 

TEST-FALSE.  !  Only  Used  For  Testing  The  Routine 

DECPT -0 

J-0 

TEN-10.0 
Sign-'  ' 

Concac-’  ' 

IF  (TEST)  WRITE  (!.♦)  '  Value  Entered  -  ', VALUE 
IF  (VALUE. LT. 0.0)  Sign-'-' 

IF  (VALUE. EQ. 0.0)  CO  TO  100 
DECIMAL-ABS (VALUE) 

DO  WHILE  (DECIMAL. CE. 1 .0) 

DECIMAL-DECIMAL/TEN 
J-J+l 
END  DO 
DECPT— J 

IF  (TEST)  WRITE  (1.*)  '  *  of  Whole  Digits:  ’, DECPT 
IF  (DECPT. EQ.O)  CO  TO  30 
DO  20  J-t .DECPT 

DEC I MAL-DEC 1 MAL*TEN 
N  UMB ER- 1  NT ( DEC I MA L ) 

ASCI  I  —NUMBER ■*•48 
D i g i t ( J ) -CHAR (ASCI  I) 

FRACT I  ON-DEC 1MAL-NUMBER 

DEC  I MAL-0 1  NT  (  FRACT I  ON  *  TEN*-*  (  PR  EC  -  J  )  +  .  5 ) /TEN**  (  PR  EC- J  ) 

20  CONTINUE 

IF  (  NOT. TEST)  CO  TO  30 

WRITE  (1,*)  '  The  Whole  Digits  -  ' .(Diglt(l),  I-t, DECPT) 

30  J-DECPT 

IF  (TEST)  WRITE  (1,*)  '  Decimal  Fraction  -  DECIMAL 
IF  (DECIMAL. NE. 0.0)  I NTECER- . FALSE . 

IF  (DECPT. CE. 12)  CO  TO  40 
DO  WHILE  (DECIMAL. NE  0.0) 

J-J-t-1 

DEC 1 MAL-DEC I MAL*TEN 
NUMBER- 1  NT (DECIMAL) 

ASCI  I  -NUMBER  *-4  8 
Digit! J)— CHAR (ASCI  I) 

FRACTION-DECIMAL-NUMBER 

DECIMAL-DINT!  FRACT  I  ON*TFN*-*(  PREC- J)  *.  5  ) /TEN**  (  PREC- J  > 


i 

1 

a 

I 

8 

i 

i 

i 

§ 

i 

a 

i 

i 


8 

a 

a 

n 

1 


"4 


1985  IF  (DECIMAL. EQ. 1 .0)  THEN 

1986  D I C I T  ( J  ) -CHAR (ASCI  1  +  1 ) 

1987  DECIMAL-0.0 

1988  END  IF 

1989  IF  (J.CE.12)  DECIMAL-0.0 

1990  END  DO 

1991  40  NDICIT-J 

1992  IF  (.NOT. TEST)  CO  TO  50 

1993  WRITE  (1,*)  1  Tha  Characters  -  ',(Digit(I),  l-l.NDICIT) 

1994  50  IF  (NDICIT.CT. 12)  CO  TO  200 

1995  DO  60  1-1 .NDICIT 

1996  Concatd  :  I)-Oigit(I) 

1997  60  CONTINUE 

1998  IF  (INTECES)  CO  TO  80 

1999  IF  (DECPT.EQ.O)  CO  TO  70 

2000  String-Si gn//Concat (1 :DECPT)//’ . * //Co neat (DECPT+l : 14) 

2001  RETURN 

2002  70  String-Sign//’ . ’//Concat 

2003  RETURN 

2004  30  String-Sign//Concat 

2005  RETURN 

2006  100  String-’  0.0’ 

2007  RETURN 

2003  200  WRITE  (1,*)  '  Error  in  data:  (too  many  digits)' 

2009  STOP 

2010  END 
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2011  C 

2012  C 

2013  C 

2014  C 

2015  C 


2013 
2019 
20:0 
202 1 
2022 

2023 

2024 

2025 

2026 
2027 
2023 

2029 

2030 

2031 

2032 

2033  C 

2034  C 

2033  C 

2036  C 

2037  C 

2038  C 

2039  C 
2010  C 

2041  C 

2042 

2043  C 

2044 
2043 

2046 

2047  C 

2048  C 

2049  C 

2050  C 
203  1  C 

2052  C 

2053  C 

2034 

2055 

2056 

2057 

2058 

2059 

2060 
2061 
2062 


Send  a  Command  String  To  CARY  2390 


SUBROUTINE  Send(Command) 

INTECEX  N 

CHARACTER'*  (  * )  Conwand 
CHARACTER  Response*64 
LOCI  CAL  TEST 

TEST-FALSE.  !  Cniy  Used  For  Testing  The  Routine 

IF  (TEST)  WRITE  (t.*)  '  Command  -  '.Coircnand 
WR I TE( UNIT-38 , FMT-* , IOSTAT-N , ERR-999)  Consnand 
READ  (UN IT-38, FMT-tO, I OSTAT-N , ERR-999 )  Response 
10  FORMAT  (A64) 

IF  (TEST)  WRITE  (1,*)  '  Response  -  Response 
RETURN 

999  WRITE  (1,*)  'Error  e'.N,'  in  SUBROUTINE  Send' 

RETURN 

END 


TERMINATE  Real  Time  Transmi ss I  on  froai  CARY  2390 


Send  UNTALK/UNLI STEN  -  to  IEEE-488  Bus 


SUBROUTINE  Terminate 
CALL  CM  Own  5  .  ,0) 

CALL  ABRT (35,3) 
RETURN 
END 


!  CMDW  occasionally  fails  to  UNADDRESS 
!  The  ABRT  command  sends  reliably 


Walt  Specified  Delay  (sec) 


SUBROUTINE  Walt (DELAY) 

REAL  DELAY. PERIOD, Tzero, Time 
PER  1 00-0 . 0 
Tzero— TIme( l ) 

DO  WHILE  C PERIOD. LT . DELAY) 
PFR!OD-Tlme( I ) -Tzero 
END  DO 
RETURN 
END 


0 


"6 


2064  C  . - . - - - - - 

2065  C 

2066  C  Read  Time  (sec)  from  the  HP  1000's'RTE-6  Operating  System 

2067  C 

2068  C  Note:  I  is  a  dummy  argument,  no  values  are  passed 

2069  C 

2070  C  . - . - . 

2071  C 

2072  REAL  FUNCTION  Time(I) 

2073  INTECER  IC0D£.ITIME(5) 

2074  1C0DE-U 

2075  CALL  EXEC ( I  CODE, 'TIME) 

2076  T I  me— FLOAT  ( ITIME(  1 )  )/100 . 0>  FLOAT  ( ITIME(2) )  + FLOAT  ( ITIME(  2 ) )  *60 . 0 

2077  &+FLOAT( ITIME(4) )*3600 . 0 

2078  RETURN 

2079  END 
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EDITSPEC 

A  FORTRAN  77  Program  For  Editing  And  Manipulating  Spectral  Data  From 
The  Varian  CARY  2390  UV-VIS-NIR  Spectrophotometer 

INTRODUCTION 

Spectral  data  acquisition  from  the  CARY  2300  and  2400  series  spectrophotometers  has 
been  implemented  successfully  with  a  Hewlett-Packard  1000  minicomputer  system  using  the 
FORTRAN  77  program,  CARYSPEC,  and  its  companion  plotting  program,  PLOTSPEC,  which 
are  described  in  separate  reports.  The  ability  to  acquire  high  quality  UV-VIS-NIR  spectra 
must  be  complemented  with  flexible  analytical  software  to  make  full  use  of  the  spectroscopic 
data.  This  report  describes  a  fully  tested  FORTRAN  77  program,  EDITSPEC,  which  fulfills 
the  data  editing  and  manipulation  requirements  of  most  users  in  a  simple  to  use  menu  driven 
environment.  The  program  reads  and  manipulates  disk  data  files  in  Absorbance  or 
%  Transmission  modes  vs  Wavelength  (nm)  and  stores  the  edited  data  in  the  same  format  or 
in  a  simple  ASCII  X,Y  format  for  use  by  curve  fitting  programs. 

The  editing  facilities  provided  in  EDITSPEC  allow  for  easy  corrections  to  both  inaccurate 
file  descriptors  and  anomalies  in  the  spectral  data.  Single  data  points  may  be  altered  to 
remove  a  glitch  or  a  segment  of  a  spectrum  may  be  offset  to  produce  exact  matching 
between  regions  obtained  using  different  photodetecton  or  lamp  sources.  Nonlinearity  of  Near 
IR  data  from  the  PbS  detector  can  be  corrected  in  cases  where  the  data  extend  below  800 
nm  in  AUTOSELECT  mode.  The  absorbance  offset  between  the  Photomultiplier  and  PbS 
detectors  at  800  nm  is  used  to  tescale  the  Near  IR  region  assuming  that  the  PM  tube 
response  is  perfect.  The  Cary  2300  series  instruments  can  benefit  most  from  this  rescaling 
routir’.  The  Cary  2400  series  instruments  already  provide  nonlinearity  correction  for  the 
standard  PbS  detector  though  this  feature  is  bypassed  for  the  reflectance  accessory  which 
suffers  badly  from  nonlinearity.  EDITSPEC  also  provides  quartic  polynomial  least  squares 
calculation  routines  to  produce  Smoothed,  First  Derivative  and  Second  Derivative  spectra. 

EDITSPEC  has  been  developed  for  use  with  an  HP  1000  minicomputer  system  running 
the  RTE-6/VM  operating  system  and  v-i  shell.  The  program  resides  in  a  single  32K  word 
memory  segment  and  utilizes  98K  words  of  Extended  Memory  Addressing  (EMA)  area  for  the 
large  data  arrays.  Since  EDITSPEC  makes  use  of  very  few  special  features  of  the  HP  1000 
computer  system  the  program  could  be  modified  easily  to  run  on  other  host  systems 
supporting  *hu  FORTRAN  77  language. 
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SOFTWARE  DESCRIPTION 


1.0  Purpose  Of  EDITSPEC: 

The  dau  acquisition  program  CARYSPEC  was  designed  to  store  only  baseline  corrected 
UV-VTS-NTR  spectra  in  disk  files  which  should,  hopefully,  be  free  of  all  instrumental 
artifacts.  In  practice,  some  small  irregularities  can  still  occur  at  grating,  lamp  or  detector 
change  over  points  and  EDITSPEC  provides  the  user  with  both  single  datum  and  region  offset 
commands  to  remove  such  artifacts  albeit  in  an  arbitrary  fashion.  Discretion  is  left  to  the 
user  for  determining  which  spectral  region  is  likely  to  have  been  incorrectly  recorded  by  the 
particular  instrument.  The  Cary  2400  and  upgraded  2300  series  spectrophotometers  are  less 

likely  to  require  such  manipulation  since  these  instruments  have  more  reproducible  mechanical 
positioning  for  the  photodetectors. 

The  data  files  produced  by  CARYSPEC  include  a  number  of  file  description  strings  and 
numeric  variables  to  provide  permanent,  internal  documentation  for  the  spectrum.  Occasionally, 
important  information,  such  as  solute  concentration,  is  not  known  at  the  time  of  data 

collection  and  EDITSPEC  provides  an  easy  means  of  displaying  and  updating  the  file 
descriptors.  Since  EDITSPEC  also  provides  a  number  of  data  transformation  routines,  the 
edited  spectrum  can  be  stored  on  disk  only  with  a  new  filename.  This  prevents  inadvertent 
loss  of  the  original  data. 

EDITSPEC  supports  such  file  operations  as  file  size  reduction,  nonlinearity  correction  for 
Near  IR  data  and  numerical  procedures  for  smoothing  or  experimental  noise  and  calculation  of 
derivative  spectra.  The  file  size  reduction  operation  allows  new  wavelength  limits  and  data 

step  size  to  be  set,  which  is  useful  for  matching  spectra  to  be  used  in  the  difference 
spectrum  mode  of  PLOTSPEC.  Near  IR  data  often  suffer  from  nonlinearity  of  the 
photoconductive  PbS  detectors  used  In  the  Cary  2300  series  spectrophotometers.  Corrections  for 
such  nonlinearity  are  dependent  on  both  the  light  flux  and  the  absorbance  level.  The  Cary 
2400  and  upgraded  2300  series  instruments  provide  appropriate  correction  in  the  Near  IR 

region  for  the  standard  PbS  detector.  However,  detectors  on  external  modules,  such  as  the 
Diffuse  Reflectance  accessory,  are  not  corrected.  Reflectance  spectra  often  show  discontinuities 
between  the  PbS  and  PM  tube  detectors  at  800  am  and  EDITSPEC  provides  a  simple 
rescaling  procedure  to  produce  detector  matching  in  these  cases.  This  is  not  meant  to  be  a 
panacea  but  it  does  provide  a  more  realistic  resuit  than  the  raw  data. 
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Experimental  noise  is  not  often  a  problem  with  UV-Visibie  spectra  from  the  Cary 
spectrophotometers.  However,  the  Near  ER  region  is  more  noise  prone,  particularly  with  the 
Diffuse  Reflectance  accessory,  due  to  the  poorer  signal  to  noise  ratio  of  PbS  detectors  and 
the  low  efficiency  of  the  rather  small  integrating  sphere.  In  such  cases  it  may  be  desirable  to 
use  the  quartic  polynomial  least  squares  smoothing  routines  in  EDITSPEC.  This  standard 
procedure  has  been  specially  modified  to  suit  the  large  data  redundancy  in  most  UV-V1S-NIR 
spectra  and  can  be  used  to  remove  both  random  noise  and  spurious  artifacts  from  solvent 
overtone  tends  in  the  Near  IR  region. 

The  polynomial  least  squares  procedure  is  also  utilized  in  EDITSPEC  to  calculate  First 
and  Second  Derivative  spectra  with  a  higher  degree  of  precision  than  the  analog  versions 
which  the  Cary  spectrophotometers  produce  on  their  internal  pen  recorders.  These  routines 
can  provide  useful  information  in  regions  of  overlapping  absorption  bands.  The  resulting  First 
and  Second  derivative  spectra  are  arbitrarily  scaled  by  factors  of  xlO  and  xlOO,  respectively, 
to  facilitate  subsequent  plotting  using  the  program  PLOTSPEC. 

EDITSPEC  also  supports  the  creation  of  simple  ASCII  X,Y  text  files  for  exporting  data 
to  general  purpose  curve  fitting  software.  In  this  mode  the  abscissa  values  are  converted  from 
Wavelength  (nm)  to  Energy  units  (cm*1)  on  output  with  approximately  even  Wavenumber 
spacing  between  points.  The  user  may  select  either  Absorbance  or  Extinction  Coefficient  (M*1 
cm"1)  units  for  the  ordinate  and  the  program  will  automatically  rescale  %  Transmission  data 
to  the  selected  ordinate,  if  required. 

Finally,  EDITSPEC  provides  a  facility  for  subtraction  of  a  reference  baseline  spectrum 
for  cases  in  which  the  pure  solvent  (in  transmittance  mode)  or  reflectance  standard  does  not 
provide  a  suitable  baseline  for  the  sample  under  study.  For  example,  thin  films  on  substrates 
or  matrix  isolated  materials  will  usually  require  correction  for  the  absorption  or  reflectivity  loss 
of  the  substrate.  The  baseline  data  file  may  cover  the  same  or  a  larger  wavelength  range 
than  the  file  to  be  corrected  but  both  must  have  the  same  data  interval  size,  ordinate  scale 
and  reference  beam  modes.  These  restrictions  are  intended  to  ensure  that  such  baseline 
corrections  are  carried  out  under  closely  matched  instrumental  conditions. 

The  combination  of  facilities  offered  by  EDITSPEC  should  satisfy  the  needs  of  most 
users  for  producing  high  quality  spectra  free  from  instrumental  and  sample  handling  artifacts. 
The  operation  of  each  facility  will  be  discussed  separately  in  more  detail  below. 
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1.1  Smoothing  And  Derivative  Spectra; 


The  numerical  procedures  used  in  EDITSPEC  for  smoothing  experimental  noise  and  for 
calculating  derivative  spectra  are  based  on  standard  polynomial  least  squares  regression.  The 
method  relies  on  fitting  a  high  order  polynomial,  (ag  +  al  x  *  a2  x2  ♦  a3  x3  +  a4  x*  +  ...  ) 

to  small  dau  segments,  (-x . +x),  replacing  the  centre  point  (x  »  0)  with  the  fitted  values 

of  ag  (smoothing),  (first  derivative),  la2  (second  derivative)  ...  etc.  The  dau  segment  is 
stepped  consecutively  across  the  spectrum  to  complete  the  procedure.  EDITSPEC  uses  a 
q  rtic  polynomial  routine  with  choices  of  7,  11,  15,  21  and  25  point  segments  to  provide 
increasing  levels  of  local  averaging.  The  procedure  is  illustrated  below  for  a  7  point  segment: 


Index:  -3-2-1  0  1  2  3 

Smoothing: 

The  dau  interval  (-3,..., +3)  is  fitted  to  a  quartic  polynomial  to  calculate  a  new  centre 
point  a0  denoted  by  •.  The  nplete  spectrum  is  smoothed  by  stepping  the  7  point 
segment  consecutively  across  the  -ctrum  but  the  procedure  obviously  can  not  smooth 
the  first  or  la*t  3  points.  The  sm  thing  procedure  may  be  repeated  as  many  times  as 
desired  and  may  be  limited  to  just  a  small  region  of  the  complete  spectrum. 

Derivatives: 

An  obvious  extension  to  the  polynomial  regression  technique  is  the  easy  calculation  of 
derivative  spectra  with  replacement  of  tae  centre  point  by  the  fitted  values  of  aI%  2 a^, 
...  n!a„  etc.  for  the  first,  second  and  higher  derivatives. 

The  technique  can  only  average  noise  (in  the  least  squares  sense)  within  the  width  of  the 
selected  in'erval  so  that  with  closely  spaced  dau  even  the  25  point  fit  may  be  ineffective. 
For  example,  Near  IR  spectra  often  display  the  effects  of  significant  Ml  noise  with  an 
effective  noise  period  of  20  nm  or  more  underlying  s  higher  level  of  more  random  noise.  A 
naive  implemenution  of  the  smoothing  procedure  will  fail  to  deal  with  very  low  frequency 
noise,  removing  only  the  more  rapid  fluctuations.  EDITSPEC  allows  the  user  to  span  an 
arbitrarily  wide  wavelength  range  for  each  fitted  segment  by  evenly  spacing  the  fitted  points 
with  an  integral  number  of  dau  points.  This  results  in  vastly  superior  global  averaging. 


1.2  Numerical  Least  Squares  Procedures: 


The  quartic  polynomial  regression  equations  can  be  written  in  matrix  form  as  follows: 


or  La  matrix  notation  as  £  •  5  *  fi  .  where  kH  *  n!a„,  for  wfich  the  solution  vector  is 
given  by  &  *  ■  Q.  Evaluation  of  the  the  inverse  coefficient  matrix  is  simplified  using  the 

range  of  index  values  (-x,...,-l,0,+l,...,+x)  to  represent  the  data  interval  to  be  fitted  to  the 
polynomial  since  all  the  summations  for  odd  powers  of  x  are  zero.  The  resulting  solution 
vector  simplifies  to  a  set  of  known  coefficients  times  which  needs  to  be  evaluated  for  each 
data  segment.  EDITSPEC  requires  the  element*  of  just  the  first  three  rows  of  Q'1,  comprising 
3  non-zero  elements  of  which  7  are  unique.  A  full  pivoting  Gaussian  elimination  matrix 
inversion  program  was  used  to  solve  for  the  coefficients  and  these  appear  as  Double  Precision 
DATA  for  array  CC(I,J)  in  EDITSPEC  for  the  5  different  fitting  algorithms  provided. 

The  general  solutions  for  the  smoothing  and  derivative  calculations  in  EDHTSPEC  are 
summarized  below: 


SMOOTHING: 

k0 

9  Gr'ajyZy  * 

DERIVATIVE  1: 

kl 

9  Gr'w&r  * 

Z''(2.4) -E*3* 

DERIVATIVE  2: 

k2 

9  Gr\j.j)  Zy  * 

c*W ^ 

♦  c-W*4* 

IMPLEMENTATION 


:.0  Program  Structure: 

EDITSPEC  comprises  a  large  main  program  unit  containing  the  console  menu  displays 
nd  string  data  for  the  instrument  settings  variables.  A  number  of  subroutines  perform  input 
aiidation  and  string  processing  commands  absent  from  the  FORTRAN  77  language.  The  main 
rogram  unit  of  EDITSPEC  comprises  6  distinct  segments  of  code  to  carry  out  the  the 
unctions  of  disk  file  data  retrieval,  instrument  settings  display,  editing  of  file  descriptors  and 
pectral  data,  data  file  storage  and  file  creation  for  exporting  ASCII  X,Y  data  to  curve  fitting 
rograms  etc.  The  code  fragments  appear  under  the  following  assigned  labels:  MENU,  READ, 
ETTINGS,  EDIT,  STORE,  CURFILE  and  EXIT. 

MAIN  PROGRAM 


vlENU: 

This  is  the  first  and  main  control  menu  of  the  program,  selecting  entry  to  the  data 
retrieval,  instrument  settings,  editing,  data  file  storage  and  exit  routines.  The  choices  are 
as  follows: 

’R’  . Read  Spectrum 

This  command  causes  a  branch  to  label  READ  and  the  program  performs  a  logical 
test  for  the  presence  of  a  valid  spectrum  in  memory  before  allowing  previous  data 
to  be  overwritten  by  a  new  file.  If  a  spectrum  is  already  present  in  memory  the 
user  may  elect  to  overwrite  the  old  dau,  subtract  a  baseline  reference  file  or 
return  to  the  main  menu.  The  data  file  format  is  listed  below  in  Table  I.  Spectra 
are  read  into  the  dau  arrays  X,Y  while  baseline  files  are  stored  in  the  arrays 
XB.YB  before  subtraction  takes  place. 

T  . Instrument  Settings 

This  option  branches  to  label  SETTINGS  and  performs  logical  tests  for  the 
presence  of  spectrum  and  baseline  dau  files  in  memory.  This  routine  allows  for 
display  of  the  most  important  operating  conditions  of  the  Cary  2390 
spectrophotometer  during  acquisition  of  the  selected  dau  file  to  provide  an  on-line 
reference  when  comparing  dau  files. 


’E’  . Edit  Spectrum 

Entry  of  this  command  causes  a  branch  to  label  EDIT.  The  program  then 
performs  a  logical  test  for  the  presence  of  a  valid  spectrum  in  memory  before 
presenting  a  sub-menu  of  editing  options.  All  the  data  manipulations  are  performed 
from  these  sub-menus. 

’S’  . Store  Spectrum 

This  command  transfers  control  to  label  STORE  where  logical  tests  are  performed 
for  the  presence  of  a  spectrum  in  memory  and  whether  the  data  file  to  be  created 
is  an  edited  or  smoothed  spectrum.  The  data  files  are  stored  in  the  Cary  format 
for  subsequent  use  by  the  plotting  program  PLOTSPEC. 

’D’  . Store  Derivative  Spectrum 

This  command  also  branches  to  label  STORE  but  in  this  case  the  program  also 
checks  for  the  presence  of  a  derivative  array  in  memory  before  proceeding.  First 
and  second  derivative  spectra  are  also  stored  in  the  Cary  format  but  are  scaled 
arbitrarily  xlO  and  xlOO,  respectively,  to  simplify  subsequent  plotting. 


’C  . Store  Curve  Fitting  File 

This  option  allows  for  creation  of  simple  ASCII  X,Y  data  files  from  Cary  spectra. 
The  program  branches  to  label  CURFTLE  and  prompts  for  entry  of  the  wavelength 
range  in  the  new  data  file  and  the  number  of  data  points  required  (10  -  500). 
The  abscissa  values  are  convened  from  Wavelength  (nm)  to  Energy  units  (cm*1) 
and  uie  program  selects  data  points  to  be  spaced  evenly  in  cm*1.  The  ordinate 
data  can  be  Absorbance  or  Extinction  Coefficients  only  and  automatic  rescaling  is 
provided  for  %  Transmission  data. 


The  final  option  causes  a  branch  to  the  label  EXIT  which  checks  whether  the 
spectrum  in  memory  has  been  saved  to  disk  before  allowing  the  program  to 


terminate. 
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TABLE  I 


Data  File.  Format 


Line 

File  Variables  a 

Format  Type  b 

f 

A 

LABELS) 

CHARACTER  (A72) 

2 

DATE(2) 

CHARACTER  (A8) 

3 

XMIN(2),XMAX(2),XSTEP(2),CONC(2), 

PATH(2) 

REAL  (•) 

4 

ORD(2),ABSC(2),CELL(2),CYCLE(2), 

SAMPLER), WAVE(2).TIMER<2). 

TEMP(2),DIST(2) 

REAL  (•) 

5 

NP.NV,ND(2) 

INTEGER  (D.13,16) 

6-54 

PARAM(2,I) 

INTEGER  (12) 

55 

VARIABLE(2,I) 

REAL  (•) 

56-/ 

Y(I)  or  YB(I) 

REAL  (•) 

/-eof 

X(I)  or  XB(I) 

REAL  (•) 

a:  Disk  data  files  are  read  into  either  half  of  the  data  arrays 


6:  (•)  indicates  free  field  format 


3 


READ: 


This  section  of  EDITSPEC  opens  a  disk  file  previously  stored  by  the  data  acquisition 
program  CARYSPEC.  The  data  are  stored  in  ASCII  code  and  contain  a  complete 
description  of  the  instrument  parameter  settings  as  well  as  the  spectral  data.  The  format 
of  the  data  file  is  Listed  above  in  Table  I.  The  program  prompts  the  user  for  both  the 

filename  and  subdirectory.  The  filename  may  be  up  to  16  characters  with  the  extension 

•.Sxx",  where  xx  are  the  researcher's  initials.  The  subdirectory  defaults  to  the  user's 
directory  if  only  a  RETURN  character  is  entered.  If  a  directory  name  is  given  the 
program  builds  a  complete  Cl  pathname  for  ’use  in  the  OPEN  statement.  If  the  file 
cannot  be  found  or  the  file  is  already  open  the  program  displays  an  error  message  and 

then  returns  to  the  main  MENU.  Otherwise,  the  file  is  read  and  the  file  descriptors  are 

displayed  or.  the  console  while  the  remainder  of  the  data  are  being  transferred.  The 
program  then  returns  to  the  main  MENU. 

SETTINGS: 

This  section  of  code  displays  a  list  of  the  most  important  instrument  settings  of  the  Cary 
2390  spectrophotometer  during  acquisition  of  the  specified  data  file.  The  program  includes 
a  large  amount  of  string  data  for  the  various  settinp  in  the  CHARACTER  array  Pstr. 
The  INTEGER  array  PARAM  is  used  as  an  index  to  this  string  data  while  numeric  data 
for  the  table  are  obtained  from  the  REAL  array  VARIABLE.  If  both  a  Spectrum  and 
Baseline  are  present  in  memory  the  program  will  prompt  for  which  settings  to  display. 

EDIT: 

This  section  of  code  contains  two  sub-menu  displays  for  performing  all  the  data  and  file 
manipulations  within  EDITSPEC.  The  first  sub-menu  allows  for  alterations  to  the  file 
descriptors  comprising  the  variables  Concentration  (M),  Date  (MM/DD/YY ),  Label  (72 
chars)  and  Pathlength  (cm)  using  single  letter  command  entries.  The  remaining  choices 
select  entry  to  the  dau  editing  menu  or  an  exit  to  the  main  MENU.  The  data  editing 
menu  supports  the  following  functions:  List  Data  Segment ,  Edit  Single  Datum,  Offset 
Segment,  Near  IR  Rescale,  Smooth  Segment  and  utrtv.  Spectra.  The  operation  of  these 
functions  is  straightforward  and  each  is  described  in  detail  below  (Sections  2.1 -2.2). 


This  section  of  EDITSPEC  provides  the  data  storage  routine  for  edited,  smoothed  and 
derivative  spectra.  On  entry  to  this  routine  the  program  checks  if  a  spectrum  is  present 
in  memory.  Otherwise,  an  error  message  is  displayed  before  returning  to  the  main 
MENU.  If  the  Store  Derivative  Spectrum  command  has  been  used  to  enter  this  routine 
then  a  check  is  also  made  for  the  presence  of  a  valid  derivative  a my.  If  the  data  file 
to  be  stored  is  a  smoothed  or  a  derivative  spectrum  then  the  file  description  label  is 
altered  to  include  the  number  of  smoothing  passes  (SMxx:  ...)  or  the  degree  of  the 

derivative  calculation  (FD:  ...  or  SD:  ...).  The  user  is  only  prompted  for  initials, 
filename  and  subdirectory  Information  before  the  file  is  written  to  a  disk  file.  Standard 
LO  error  checking  for  a  FILE  EXISTS  or  a  FILE  OPEN  error  is  performed  during  file 
creation.  The  program  then  returns  to  the  main  MENU  with  the  new  filename  and  file 
status  variables  for  the  edited  spectrum. 

JURFILE: 

This  section  of  code  provides  a  simple  means  of  exporting  spectral  data  to  curve  fitting 
programs  etc.  The  files  are  created  in  an  ASCII  X.Y  format  with'  no  other  information 
except  the  end-of-file  marker.  The  abscissa  values  are  converted  from  Wavelength  to 

Linear  Energy  units  (cm*1)  and  the  program  selects  data  so  that  the  spacing  between 
abscissa  values  is  nearly  even  in  cm"1  units.  The  program  provides  an  arbitrary  range  of 
10  -  500  data  points  for  such  files  which  should  suit  the  needs  of  most  anciilarv 

programs.  The  ordinate  mode  can  be  selected  as  Absorbance  or  Extinction  Coef ficient 
only  and  if  the  original  data  were  collected  in  %  Transmission  mode  then  automatic 
resca'mg  is  performed  during  the  data  storage  loop.  Standard  I/O  error  checking  is 
performed  for  a  FILE  EXISTS  or  a  FILE  OPEN  error  during  file  creation.  The  program 
then  returns  to  the  main  MENU  wuh  an  updated  status  variable  for  the  Store  Curve 
fitting  File  command. 

LXIT: 

The  final  portion  of  EDITSPEC  checks  whether  a  valid  spectrum  in  memory  has  been 
stored  to  disk  before  allowing  the  user  to  terminate  the  program.  The  routine  does  not 
check  the  status  of  Derivative  arrays  or  Curve  Fitting  files  since  these  can  be  easily 

recreated  from  the  stored  spectral  data  file. 


2.1  File  Editing  Menu  Commands: 


The  first  editing  sub-menu  is  designed  to  allow  for  easy  ..aerations  to  the  file 
descriptors.  The  operations  are  invoked  using  single  letter  commands  as  follows: 

’C’  . Concentration,  (M) 

The  Concentration  variable  is  used  to  scale  experimental  absorbance  values  from  solution 
spectra  into  Molar  Extinction  Coefficients  (absorptivity)  units  and  may  need  to  be  altered 
if  the  value  was  unknown  at  the  time  of  data  collection. 

’D’  . Date,  (MM/DD/YY) 

The  Date  variable  is  set  manually  within  the  data  collection  program,  CARYSPEC,  and 
may  need  to  be  altered  if  it  has  been  entered  incorrectly.  Only  8  character  positions  are 
provided  for  this  entry. 

’L’  . Label,  (72  chars) 

This  variable  provides  descriptive  text  to  document  the  nature  of  the  spectrum.  The 
maximum  text  length  is  72  characters  and  the  character  field  is  delimited  on  the  console 
screen  by  arrow  heads  under  the  text  entry  line. 

’P’  _ Pathlength,  (cm) 

This  variable  is  also  used  in  the  calculation  of  Extinction  Coefficient  values  for  solution 
spectra.  In  other  types  of  spectra  this  variable  can  be  set  to  zero. 

The  data  entry  routine  is  arranged  in  such  a  way  that  the  current  value  of  a  variable  is 

printed  to  the  console  screen  with  the  cursor  placed  over  the  first  character  of  the  old  value. 
Entry  of  only  a  RETURN  character  will  keep  the  old  value  intact.  If  any  other  characters 

are  entered  they  are  treated  as  the  new  value.  Thus,  a  complete  line  must  be  entered  to 

update  the  previous  data  correctly.  Cursor  control  keys  should  not  be  used  in  editing  such 
line  entries  -  the  backspace  key  is  the  only  editing  function  permitted. 

The  remaining  command  entries  'S'  and  'X*  are  used  to  enter  the  data  editing  sub-menu 
or  to  exit  to  the  main  MENU. 
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2.2  Data  Editing  Menu  Commands: 

The  spectral  data  editing  sub-menu  provides  access  to  all  the  array  manipulation 
functions  available  in  EDITSPEC.  In  common  with  the  other  menus,  single  letter  commands 
are  used  to  select  the  desired  operations  given  below: 

’L’  . List  Data  Segment 

This  command  provides  a  means  of  inspecting  the  data  between  any  two  selected 
wavelength  Limits.  The  data  are  displayed  in  pages  of  10  points  until  completion.  If  the 
original  data  were  acquired  in  Absorbance  mode  this  routine  lists  both  the  Absorbance 
and  Extinction  Coefficient  values  vr  Wavelength  (tun).  In  %  Transmission  mode  only  the 
raw  data  are  presented. 

’E’  . Edit  Single  Datum 

This  command  is  used  to  display  and  update  Absorbance  or  %  Transmission  data  at  a 
single  wavelength.  The  current  value  is  printed  on  the  screen  with  the  cursor  positioned 
over  its  first  character.  Entry  of  only  a  RETURN  character  will  keep  the  current  value 
intact.  Otherwise,  a  new  entry  is  assumed  for  any  other  characters  read  from  the 
keyboard.  New  entries  are  validated  to  lie  within  the  range  -O.S  to  4.5  for  Absorbance 
mode  and  0  to  200  for  %  Transmission  mode.  The  latter  also  covers  the  case  of 
%  Reflectance  spectra. 

’O’  . Offset  Segment 

The  offset  command  enables  corrections  to  be  made  for  misalignment  between  regions  of 
a  spectrum  obtained  using  different  detectors,  gratings  or  source  lamps.  The  routine 
provides  a  simple  ( t )  algebraic  offset,  selected  by  the  user,  between  the  desired 
wavelength  limits  without  regard  to  the  ordinate  mode. 

’N’  . Near  IR  Rescale 

This  command  is  used  to  align  the  Near  IR  region  of  a  spectrum  with  data  obtained 
from  the  photomultiplier  detector  in  the  Visible  region.  The  data  must,  therefore,  have 
been  collected  in  AUTOS  ELECT  mode  so  that  the  detector  change  is  made  at  800  nm. 
The  routine  inspects  the  last  point  obtained  with  the  PbS  detector  and  the  first  point 
from  PM  tube  to  obtain  a  default  offset  value.  The  default  value  is  written  to  the 
console  display  with  the  cursor  positioned  over  its  first  character  and  entry  of  just  a 
RETURN  character  will  commence  rescaling  with  this  offset. 
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This  routine  is  most  often  used  to  align  noisy,  high  absorbance  Near  IR  data  with  a 
noise  free  Visible  region  so  that  it  proves  more  useful  to  plot  the  data  first  to  obtain  a 
better  estimate  for  the  offset  before  rescaling.  The  rescaling  procedure  is  multiplicative 
for  both  Absorbance  and  %  Transmission  modes.  Ideally,  the  latter  should  be  converted 
to  Absorbance  before  rescaling  but  this  is  not  likely  to  cause  any  serious  errors. 

’R’  .....Reduce  File  Size 

This  command  is  used  to  change  the  size  of  a  data  file  by  reducing  the  wavelength 
range  or  by  increasing  the  step  size  (nm)  between  data  points.  This  is  most  useful  in 
providing  matched  data  files  for  the  spectral  subtraction  mode  of  the  plotting  program, 
PLOTSPEC.  It  may  also  be  useful  for  eliminating  excess  data  from  very  large  files.  The 
reduced  file  overwrites  the  current  spectrum  and  recovery  is  possible  only  by  reading  the 
old  data  from  disk. 

’S’  . Smooth  Segment 

The  quartic  polynomial  smoothing  routine  in  EDITSPEC  is  provided  with  data  for 
calculations  with  5  different  levels  of  local  averaging  using  data  segments  with  7,  11,  15, 
21  or  25  points  (-XX,...,0,...,+XX)  in  the  least  squares  fits.  These  are  selectable  from 
the  smoothing  algorithm  menu  which  is  presented  on  entry  to  the  routine.  The  program 
then  displays  the  wavelength  range  of  the  fitted  segments  with  a  default  integer  step  size 
of  two  points.  The  user  may  increase  or  decrease  the  wavelength  range  of  the  fitted 
segments  by  altering  the  step  size  variable.  Larger  values  of  the  step  size  produce 
improved  global  averaging,  an  important  feature  for  removing  non-random  solvent 
overtone  artifacts.  The  smoothing  routine  may  be  applied  over  the  whole  wavelength 
range  or  just  within  a  small  segment.  However,  the  routine  can  not  smooth  the  first  or 
last  XX  data  points  in  the  spectrum.  The  program  prints  the  actual  range  smoothed  on 
the  console  screen  before  prompting  for  the  number  of  smoothing  passes.  There  is 
nothing  to  be  gained  by  performing  a  large  number  of  smoothing  passes  with  the  same 
algorithm.  Rather,  it  is  preferable  to  select  several  different  fitting  intervals,  by  choice  of 
algorithm  and  step  size,  to  improve  the  averaging  of  low  frequency,  non-random  noise. 
In  general,  it  is  wise  to  finish  a  smoothing  procedure  with  the  integer  step  size  set  to  1 
data  point  to  suppress  a  tendency  to  produce  periodic  oscillations  in  the  data  with  the 
polynomial  regression  procedure. 

Some  examples  of  smoothed  spectra  appear  as  an  appendix  to  this  report. 
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. Derivative  Spectra 

The  polynomial  regression  technique  in  EDITSPEC  is  also  used  to  calculate  first  and 
second  derivative  spectra.  Smoothing  may  be  performed  prior  to  the  derivative 
calculations  in  order  to  reduce  the  noise  level,  particularly  for  the  second  derivative. 
Selection  of  the  fitting  algorithm  is  identical  to  the  procedure  for  smoothing.  However, 
the  procedure  can  be  performed  only  once  and  must  encompass  the  entire  wavelength 
range,  less  the  first  and  last  XX  data  points.  The  latter  are  set  equal  to  the  first  and 
last  fitted  points,  respectively.  It  is  most  beneficial  to  provide  wide  global  averaging  for 
the  derivative  functions  with  fitted  intervals  on  the  order  of  20-50  am.  If  the  fitted 
interval  is  too  narrow  then  the  result  is  a  measure  of  the  point  to  point  noise  level  and 
not  the  derivative  of  the  spectrum  per  se. 

Some  era  moles  of  derivative  spectra  appear  as  an  appendix  to  this  report. 
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2.3  COMMON  DATA: 


All  COMMON  array  variables  used  by  EDITSPEC  are  held  in  a  named  COMMON 
block,  /DATA/.  The  arrays  contained  within  the  COMMON  block  are  listed  below: 

/DATA/  Contains  EMA  REAL  Arrays  of  spectroscopic  data 

X  Array  containing  the  spectrum's  Wavelength  data  (nm) 

Values  read  from  disk  data  file 
Values  used  in  main  program  unit 

Y  Array  containing  the  spectrum's  Absorbance  or  %T  data 

Values  read  from  disk  data  file 
Values  used  in  main  program  unit 

XB  Array  containing  the  baseline's  Wavelength  data  (nm) 

Values  read  from  disk  data  file 
Values  used  in  main  program  unit 

YB  Array  containing  the  baseline's  Absorbance  or  %T  data 

Values  read  from  disk  data  file 
Values  used  in  main  program  unit 

Z  Array  containing  the  derivative  spectrum's  Absorbance  or  %T  data 

Values  calculated  in  main  program  unit 
Values  stored  to  disk  data  file 

All  the  data  arrays  are  dimensioned  for  10001  data  points  maximum  in  single  precision 
and  are  specified  to  reside  in  EMA  memory  requiring  98K  words  of  system  available  memory. 
These  memory  demands  could  be  reduced  if  required  since  few  UV-VIS-NIR  spectra  have 
more  than  a  few  thousand  data  points. 
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>.4  SUBROUTINHS: 

EDITSPEC  uses  subroutines  to  perform  specific  tasks  which  are  required  more  than  once, 
ncluding  several  types  of  string  manipulation  and  input  validation.  The  purpose  and  calling 
sequences  are  listed  below: 


Center(TITLE) 


Prints  a  string  on  the  user  console  centred  within  a  72  column  tine. 


TITLE  CHARACTER*72  string,  contents  set  by  calling  unit 


CALLED  BY:  Main  program  unit 
HALLS:  None 


-ine(N) 


Prints  a  line  of  characters  to  the  user  console  N  columns  wide  and 
centred  within  a  72  column  line. 


INTEGER  variable  input  from  calling  unit 


HAILED  BY:  Main  program  unit 
HALLS:  None 


<limits(MIN,MAX) 

Performs  an  absolute  value  function  on  the  input  arguments 
Validates  the  resulting  arguments  so  that  MIN  <  MAX 

MIN, MAX  REAL  variables  input  and  output  with  order  swapped  if  required 


HALLED  BY:  Main  program  unit 
HA.LS:  None 
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Ylimits(MIN,MAX) 

Validates  the  input  arguments  so  that  MIN  <  MAX 

MIN, MAX  REAL  variables  input  and  output  with  order  swapped  if  required 

CALLED  BY:  Main  program  unit. 

CALLS:  None 

Upper(Code) 

Performs  a  check  for  lower  case  characters  in  a  string  of  arbitrary  length 
and  converts  to  upper  case  if  necessary. 

Code  CHARACTER* (*)  variable  passed  into  routine  and  UPPER  case  on  exit 

DIMENSION  is  set  by  the  calling  unit 

CALLED  BY:  Main  program  unit 
CALLS:  None 

EXTENSION:  LEN(rtring)  function,  an  HP  extension  to  FORTRAN  77 

Str(VALUE,String,PREC) 

Performs  a  conversion  from  numeric  value  to  a  string  number  for  floating 
point  numbers  only  with  up  to  12  digits  precision. 

VALUE  REAL  variable  input  to  be  processed  by  the  routine 

String  CHARACTER*  14  string  output  corresponding  to  VALUE 

PREC  INTEGER  variable  input  to  set  the  rounding  precision  for  string 

CALLED  BY:  Main  program  unit 
CALLS :  None 
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'al(String,  VALUE) 

Performs  a  conversion  from  string  to  numeric  value  for  a  string  number 
containing  up  to  10  digits  with  or  without  an  exponent. 

String  CHARACTER*^)  string  input  to  be  processed  by  routine 

DIMENSION  is  set  by  calling  unit 

VALUE  REAL  variable  output 

ALLED  BY:  Main  program  unit 

ALLS:  None 

/ait  (DELAY) 

Performs  a  loop  which  tests  the  system  clock  until  DELAY  seconds  have 
elapsed.  The  routine  does  not  make  provision  for  the  special  case  at  the 
transition  to  2400  hours. 

DELAY  REAL  variable  holding  the  value  of  the  delay  period  in  seconds 


ALLED  BY:  Main  program  unit 

ALLS:  FUNCTION  Time(l) 


2.5  FUNCTIONS: 


EDITSPEC  uses  only  one  function  subprogram  that  makes  an  EXEC  call  to  read  the 
system  time. 

Time(I) 

Performs  an  EXEC  call  to  read  the  system  clock  and  converts  the  reading  to 
seconds  and  centiseconds. 

I  Dummy  argument 

CALLED  BY:  SUBROUTINE  Wait  only 

CALLS:  EXEC(lCODE,mME)  system  level  command 

2.6  SPECIAL  SYSTEM  CALL: 

EDITSPEC  makes  use  of  a  system  subroutine  call  to  alter  the  width  of  data  Helds  sent 
to  the  system  console.  The  record  length  is  changed  from  the  default  value  of  72  columns  to 
a  more  useful  value  of  79  in  order  to  prevent  inadvertent  screen  wrap  around. 

FFRCL(I) 

Alters  the  column  width  for  standard  output 
I  Default  value  *  72.  EDITSPEC  value  =  79 

CALLED  BY:  Main  program  unit  only 

CALLS:  None,  system  level  subroutine  call,  syntar  CALL  FFRCL(l) 
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PROGRAM  CODE 


.0  Source  Code  Availability: 

The  source  code  for  the  program  EDITSPEC  is  a  65K  ASCII  text  file  available  on  either 
Hewlett-Packard  cartridge,  9  track  tape  or  an  IBM  360K  format  floppy  disk.  All  requests 
louid  be  accompanied  by  the  blank  medium  desired.  A  printed  copy  of  the  source  code  is 
sted  below. 


.1  Variable  Named  And  Usage: 

A  complete  listing  of  the  INTEGER,  REAL,  REAL  Array  and  CHARACTER  variables 
>r  the  MAIN  segment  of  EDITSPEC  is  given  below  in  Tables  U,  HI,  IV  A  V,  respectively, 
he  subroutines  use  the  same  names  as  the  main  program  for  the  same  variables.  Additional 
iriables  in  the  subroutines  and  simple  integers.  I-N,  are  not  documented  since  their  usage  is 
tther  obvious.  The  logical  variable  MATCH  is  used  within  the  program  when  comparing  two 
>ectra  for  the  baseline  reference  subtraction  mode.  The  logical  variable  DERIV  controls  the 
peration  of  the  smoothing  routine  in  order  to  re-use  the  algorithm  selection  menu  and  then 
ranch  back  to  the  derivative  calculation  routine. 
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Table  II 


Glossary  of  INTEGER  Variables 


Name 

Description 

Value 

CURFILE 

Assigned  Label  -  Curve  Fitting  File 

2000 

EDIT 

Assigned  Label  -  Editing  Sub-menus 

400 

EXIT 

Assigned  Label  -  Terminate  Program 

9999 

MENU 

Assigned  Label  -  Main  Control  Menu 

10 

READ 

Assigned  Label  -  Read  Spectrum,  Baseline 

100 

SETTINGS 

Assigned  Label  -  Scan  Conditions 

300 

STORE 

Assigned  Label  -  Store  Spectrum 

1000 

ASCII 

ASCII  equivalent  of  digits  in  Sir 

48-57 

COUNT 

Number  of  smoothing  cycles  performed 

>  =0 

FINISH 

Index  of  final  abscissa  value  to  edit 

1-1 0001 

IS 

Step  size  in  smoothing  or  derivatives 

1 -ITEST 

ITEST 

Maximum  step  size  for  selected  algorithm 

see  text 

NCOL 

Number  of  screen  columns  in  menu  display 

50-70 

NDATA 

Number  of  data  points  in  .  spectrum 

1-10001 

NFTT 

Number  of  points  in  curve  fitting  fUe 

10-500 

NT  ASS 

Number  of  smoothing  passes  to  execute 

>=l 

N? 

Number  of  parameters  to  read  from  file 

49 

Number  of  variables  to  read  from  file 

14 

START 

Index  of  first  abscissa  value  to  edit 

1-10001 

XOFF 

Index  offset  at  start  A  end  of  spectrum 

see  text 

XX 

Linear  convolution  values  in  least  squares 

see  text 

ND(2) 

Number  of  data  points  read  from  disk  file 

1-10001 

NPTS(5) 

Number  of  points  in  least  squares  fit 

7-25 

PARAM(2,49) 

Instrument  operating  modes  table 

1-16 
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Table  in 


Glossary  of  REAL  Variables 


Name 


i 

Description 


BAND 

EC 

FIRST 

GAIN 

LAST 

NUMBER 

PMIN 

PMAX 

RANGE 

SPACE 

STEP 

W 

WL 

WMIN.WMAX 

WN.WX 

WOFF 

Y1  ,Y2 

YOFF 

ZM 


Spectral  Bandwidth  (am)  -  AUTO  GAIN  mode 
Extinction  Coefficient 
Starting  wavenumber  value  in  X,Y  file 
Instrument  gain  -  AUTO  SLIT  mode 
Ending  wavenumber  value  in  X, Y  file 
General  purpose  data  entry  variable 
Pen  scale  minimum  limit 
Pen  scale  maximum  limit 
Wavelength  span  for  least  squares  fit 
Approximate  wavenumber  step*  in  X,Y  file 
Step  size  (tun)  interval,  editing  mode 
Wavenumber  loop  counter  in  X,Y  file  creation 
Wavelength  to  be  edited  or  displayed  etc. 
Wavelength  limits  for  spectrum  in  memory 
Current  wavelength  limita  for  editing 
Wavelength  offsets  for  smoothing  A  derivatives 
Ordinate  values  ft  Near  LR,  Visible  change  over 
Absorbance  or  %T  offset,  editing  mode 
Multiplier  for  1st  A  2nd  derivatives 


Table  IV 


Glossary  of  REAL  .Vrray  Variables 


Name  Description 

ORD(2)  Final  ordinate  value  in  file 

ABSC(2)  Final  abscissa  value  in  file 

C£LL(2)  Final  cell  *  value  in  file 

CYCLE (2)  Final  cycle  *  value  in  file 

SAMPLE(2)  Final  sample  »  value  in  file 

WAVE(2)  Final  wavelength  value  in  file 

TIMER(2)  Final  time  value  in  file 

DIST{2)  Final  distance  value  in  file 

CONC(2)  Concentration  of  sample  (M),  from  data  file 

PATH(2)  Pathlength  of  sample  cell  (cm),  from  data  file 

VARIABLES, 14)  Instrument  operating  conditions  table 
XMAX<2)  Starting  wavelength  of  scan  (nm) 

XMIN(2)  Ending  wavelength  of  scan  (nm) 

X5TEP(2)  Step  size  (nm),  from  data  file 

X(10001)  Wavelength  array  -  spectrum 

XU(lOOOl)  Wavelength  array  -  baseline 

Y(10001)  Absorbance,  %7  array  -  spectrum 

YB(lOOOl)  Absorbance,  %T  array  -  baseline 

Z(10001)  4(Aba),  4(% T)  array  -  denvative  spectrum 


Name 


Description 


Screen  Control: 


BELL 

CHAR(7)  bell  character 

CLR-2 

Gear  screen 

DOWN-2 

Move  cursor  down  1  line 

ESC 

CHAR/27)  escape  character 

HOME-2 

Move  cursor  to  upper  left  corner 

UP-2 

Move  cursor  up  1  line 

File  Status: 

Csut-10 

Curve  fitting  file  tutus  (STORED) 

Dstat-10 

Derivative  spectrum  tutus  (STORED) 

DATE(2)-8 

Date  (mm/dd/yy) 

Fstat-10 

Edited  spectrum  tutus  (VALID,  STORED) 

LABEL/2)-72 

Descriptor  of  specuum 

Pstr(49,l  6)-l  4 

Table  of  parameter  setting  names 

ELnc-4 

Step  size  interval  (am)  -  edited  spc.trum 

Emax-4 

Starting  wavelength  (run)  -  edited  spectrum 

Emin-4 

Ending  wavelength  (am)  -  edited  spectrum 

Sinc-4 

Step  size  interval  (am) 

Sma*-4 

Spectrum  tuning  wavelength  (am) 

Smin-4 

Spectrum  ending  wavelength  (am) 

Sniaie(2)',20 

Spectrum  pathname,  Cl  convention 

Stut(2)-lU 

Spectrum  status  (VALID,  INVALID) 

..cont'd 


Program  Control: 

C  Literal  comma 

Code  Menu  selection,  valid  until  reset 

Directory* 40  User  directory  name,  Cl  convention 

Dtype  Type  of  derivative  spectrum  (F  or  S) 

Filespec*63  Full  pathname  for  file  retrieval  or  storage 

Fit(5)*2  Number  of  points  used  by  Fitting  algorithm 

Fname*20  Filename  entry  for  building  Filespec 

Icode  General  purpose  selection  key  entry 

HEADER*72  Combined  file  label  for  data  storage 

PFit*10  Literal  'POINTS  FIT' 

String*14  String  to  pass  data  to  or  from  subroutines 

TITLE*72  String  to  be  printed  to  screen 

Ymode  Disk  File  ordinate  mode  -  (A  or  T) 


1  FTN7X.L 

2  $FI LES  0,1 

3  5EMA/DATA/ 

4  PROCRAM  EDITSPEC 


5  C 

6  C 

7  C 

8  C 

9  C 

10  C 

11  C 

12  C 

13  C 

14  C 

15  C 

16  C 

17  C 

18  C 

19  C 

20  C 

21  C 

22  C 

23  C 

24  C 

25  C 

26  C 

27  C 

28  C 

29  C 

30  C 

31  C 

32  C 

33  C 

34  C 

35  C 

36  C 

37  C 

38  C 

39  C 

40  C 

41  C 

42  C 

43  C 

44  C 

45  C 

46  C 

47  C 

48  C 

49  C 

50  C 

51  C 

52  C 

53  C 


This  Program  Is  Designed  To  Edit  Spectral  Data  Acquired  From 
The  CARY  2390  UV-VIS-NIR  Spectrophotometer  With  CARYSPEC.RUN 

The  Program  Provides  Essential  Features  For  Removing  Artifacts 
From  Experimental  Data  With  Commands  For  Editing  Single  Points, 
Offsetting  Large  Wavelength  Regions  And  Rescaling  Near  IR  Data 
To  Correct  Mismatch  Between  The  PbS  And  PM  Tube  Detectors.  The 
Program  Also  Provides  Least  Squares  Routines  For  Calculation  Of 
Smoothed,  First  Derivative  And  Second  Derivative  Spectra. 


AUTHOR:  Dr.  Robert  A.  Binstead, 

Chemistry  Division,  Code  6125, 
Naval  Research  Laboratory, 
Washington.  D.C.  20375 
U.S.A. 


WRITTEN:  March,  1987 
VERSION:  1.8 


REVISED:  April,  1987  -  Improved  Smoothing  Routine  To  Allow 

For  Multiple  Data  Steps  Between  The 
Abscissa  Points  In  Each  Fit. 

-  Added  First  And  Second  Derivative 
Spectrum  Routines  Based  On  The  Same 
Quadratic  Polynomial  Routine. 

May,  1987  -  Added  File  Size  Reduction  Routine 

To  Enable  Exact  Matching  Of  Spectra 
For  Difference  Plotting  Mode  In  The 
Program  PLOTSPEC 


June,  1987  -  Modified  File  Name  Convention  To 

Match  The  Use  Of  Directories  By 
The  Cl  Operating  System 


August, 1987  -  Added  Data  File  Creation  Routine 

For  BANDPLOT  Curve  Fitting  Of 
Multiple  Causslans  To  Spectrum 


October, 1987  -  Added  Baseline  Correction  Routine 
For  Point  By  Point  Subtraction  Of 
A  Second  File 

-  Added  A  NIR  Scaling  Routine  To 
Match  Reflectance  Data  From  The  PbS 
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And  PM  Tube  Detectors  At  800  nm 


54  C 

55  C 

56  C 

57  C 

58  C 

59  C 

60  C 

61  C 

62  C 

63  C 

64  C 

65  C 

66  C 

67  C 

68  C 

69  C 

70  C 

71  C 

72  C 

73  C 

74  C 

75  C 

76  C 

77  C 

78  C 

79  C 

80 
31 
82 

83 

84 

85 

86 
37 
88 

89 

90  C 

91  C 

92  C 

93 

94  C 

95  C 

96  C 

97 

98 

99 
100 
101 
102 

103  C 

104  C 

105  C 

106 


January, 1988  -  Added  Upper  Case  Conversion  Routine 
To  Permit  Case  Insensitive  Input 

May,  1988  -  Revised  Data  File  Creation  Routine 

To  Use  The  Simpler  (X,Y)  Format 
Required  By  BANDF1T,  An  Interactive 
Version  Of  The  Old  BANDPLOT  Program 

-  Removed  Unused  Block  Data  &  Arrays 
Removed  Unused  Variables  &  Trimmed 
Down  String  Data  Arrays 

-  Added  Facility  To  Edit  Data  Files 
Collected  In  H  Transmission  Mode 

June,  1988  -  Added  25  Point  Algorithm  To  The 

Smoothing  &  Derivative  Routines 

Y-AXIS:  Absorbance 

X-AXIS:  Wavelength 

MEMORY:  30.000  Words  (PROGRAM)  +  98,000  Words  EMA  (DATA) 


INTECER  COUNT, CTJRFILE.EDIT, EXIT, FINISH, IS , l TEST, MENU 
INTEGER  NCOL , NDATA , NF I T , NPASS , ND( 2 ) ,NPTS(5) , NP.NV, PARAM(2 ,49) 
INTECER  READ, SETTINCS, START, STORE, XOFF, XX 
REAL*8  CC(5 , 7) , SS(5) , YY 

REAL  BAND,  EC,  FIRST,  CAIN,  LAST,  NUMBER.  PM  I  N,PMAX,RANCE 

REAL  SPACE,  STEP,  VARIABLES,  14)  ,W,  WL.WN.WX,  WOFF.Yl  ,Y2,YOFF,ZM 

REAL  ABSC(2) ,CELL(2) , CONC(2) ,CYCLE(2) , DI ST(2) ,ORD(2) , PATH(2) 

REAL  SAMPLE(2)  ,TIMER(2)  ,TEMP(2)  ,WAVE(2)  ,XMIN(2)  ,XMAX(2)  ,XSTEP(2) 
REAL  X( 10001) ,Y( 10001) , XB( 10001 ), YB( 10001 ), Z( 1 0001 ) 

LOCI CAL  DER1V, MATCH 

Dimension  Screen  Control  String  Variables 

CHARACTER  BELL ,  CLR*2 ,  DOWN* 2 ,  ERASE*2  ,  ESC ,  HOME*2 ,  UP* 2 

Dimension  Program  Parameter  Variables 

CHARAC»cR  Cs t at *1 0, Ds tat *10, Fs tat +10,. Ss tat (2 )*10 
CHARACTER  Di rect ory*40 , FI  lespec*63 , Fname*20 , Sname(2)*20 
CHARACTER  Smi n*4 , Smax*4 , S I nc*4 , Emi n*4 , Emax*4 , E I nc*4 
CHARACTER  C , Code , DATE ( 2 ) *8 , Dt  yp* , F 1 1 ( 5 ) *2 , HEADER*72 , I  code 
CHARACTER  INITIALS*2 , LABEL(2)*72 , Pcode*2 , Pf i t*l0 , Pst r (49 , 16)* 14 
CHARACTER  S t r i ng*14 , TITLE*72 , Ymode 


COMMON  /DATA/X , Y ,  XB  , YB , Z 
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107  C 

108  C 

109  C 

1 10  C 

111  C 

112  C 

113  C 

114  C 

115  C 

116  C 

117  C 

118  C 

119  C 

120  C 

121  C 

122  C 

123  C 

124  C 

125  C 

126  C 

127  C 

128  C 

129  C 

130  C 

131  C 

132  C 

133  C 

134  C 

135  C 

136  C 

137  C 

138  C 

139  C 

140  C 
*  11  C 

142  C 

143  C 

144  C 

145  C 

146  C 

147  C 

148  C 

149  C 

150  C 

151  C 

152  C 
157  C 

154  C 

155  C 

156  C 

157  C 

158  C 

159  C 


Smoothing  &  Derivative  Routine  Constants  For  Quart ic  Fit 


Smoothing 

J 

-  1.3,5 

1st 

Derivative  : 

J 

-  2,4 

2nd 

Derivative  : 

J 

-  3,6,7 

I  : 

Segment  Size 

• 

Abscissa 

Range 

:  Steps 
(MIN-1) 

Data  Range 

1 

7 

-3,... 

.+3 

X 

-3X . +3X 

2 

11 

-5,... 

.♦5 

X 

-5X, . . . ,+5X 

3 

15 

-7,... 

.+7 

X 

-7X . +7X 

4 

21 

-10,... 

,+10 

X 

-10X . +  10X 

5 

25 

-12,... 

.+12 

X 

-12X, . . . , +12X 

Smoothing  Of  Experimental  Spectra  Is  Almost  Universally 
Performed  Using  A  Polynomial  Least  Squares  Approximation 
Within  Small  Data  Intervals,  Stepped  Consecutively  Across 
The  Spectrum.  The  Technique  Must  Be  Applied  Intelligently 
Since  No  Significant  Smoothing  Will  Occur  If  The  Size  Of 
The  Smoothing  Segments  Is  Smaller  Than  The  Period  Of  The 
Noise.  This  Is  A  Particular  Danger  With  Spectra  From  The 
Cary  2390,  Where  Data  Are  Often  Acquired  In  Small  Steps. 

This  Program  Utilizes  Two  Complementary  Approaches  To 
Increase  The  Wavelength  Interval  Of  The  Fitted  Segments. 

The  First  Includes  More  Data  Points  Within  The  Segment  With 
Choices  Of  7,11,15,21  &  25  Point  Quartic  Polynomial  Fits  To 
Provide  Increasing  Levels  Of  LOCAL  Averaging.  The  Second 
Method  Utilizes  Multiple  Data  Steps  Between  Each  Point  In 
The  Fitted  Segments,  Allowing  For  Arbitrarily  Wide  GLOBAL 
Averaging . 

Random  Noise  Of  Shorter  Period  Than  The  Fitted  Segments  Is 
Well  Filtered  By  The  Smoothing  Routine.  However,  Non-Random 
Noise  Can  Produce  Sinusoidal  Smoothed  Spectra.  One  Means  Of 
Suppressing  These  Anomalies  Is  To  Apply  Several  Cycles  Of 
Smoothing,  Each  With  A  Different  Segment  Size  Or  With  A 
Different  Number  Of  Data  Points  in  The  Fits.  Small  Regions 
Of  Non-Random  Artifacts  Are  Best  Removed  Using  A  Larje  Step 
Size  And  Large  Number  Of  Fitted  Points  For  Just  That  Region 
Followed  By  Smoothing  The  Whole  Spectrum  With  Unit  Step  Size. 

The  Use  Of  Polynomial  Curve  Fitting  For  First  &  Second 
Derivative  Spectra  Is  Subject  To  Digitizing  Noise  With 
Data  Segments  Which  Cover  Only  A  Small  Wavelength  Range. 

The  7,11,15,21  &  25  Point  Algorithms  Provide  Increasing 
Levels  Of  Smoothing  At  The  Expense  Of  Spectral  Resolution. 
This  Should  Not  Be  A  Problem  As  Data  Are  Usually  Acquired 
At  Very  Small  Increments  (Large  Redundancy).  However,  The 


1 

9 

3 

I 

I 

1 

1 

i 

I 

I 

1 

I 

1 

I 

1 


I 

i 

1 
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160  C  Larger  Range  Algorithms  Tend  To  Produce  A  Sinusoidal  Fit, 

161  C  Resulting  in  Very  Strange  Second  Derivative  Spectra.  This 

162  C  Can  Be  Largely  Eliminated  By  Use  Of  A  Minimum  Of  2  Data 

163  C  Points  Between  Fitting  Points,  While  Stepping  The  Routine 

164  C  1  Data  Point  At  A  Time  Across  The  Spectrum. 

165  C 

166  C.  A  Benefit  Of  Increased  Spacing  Between  Abscissa  Values  is 

167  C  Better  Averaging  -  This  Also  Reduces  Spectral  Resolution 

168  C  But  Is  Still  Far  Better  Than  ANALOC  Derivative  Spectra. 

169  C 

170  C  It  Is  Recommended  That  Smoothed,  First  6  Second  Derivative 

171  C  Spectra  Be  Obtained  With  Increasing  Step  Size,  e.g.  2:4:8, 

172  C  Since  Creater  Averaging  Is  Required  For  The  Derivatives. 

173  C 

174  C  A  Typical  Broad  Solution  Spectrum  Will  Require  A  Fitting 

175  C  Segment  Of  25  nm  To  Be  Effective  For  Second  Derivatives. 

176  C  The  User  Must  Decide  Which  Algorithm  6  Step  Multiple  Is 

177  C  Most  Appropriate  For  The  Particular  Spectrum  But  A  Ceneral 

178  C  Cuideline  Is  To  Select  A  Fitting  Interval  In  Which  There 

179  C  Is  A  Significant  Change  In  Absorbance  Or  Slope. 

180  C 

181  C  - - - . - 

182  DATA  (NPTS (I) , I— 1 , 5) /7 ,11, 15, 21, 25/ 

183  DATA  (CC(1 , J) , J— 1 , 7)/5 . 6709956709957D-1 .2.6256613756614D-1 , 

184  6.-2 . 65 15 1 5 15 1 5 1 5 1 D-l , -3 , 2407407407407D-2 , 2 . 2727272727273D-2 , 

185  62. 1433080808081D-1 ,-2. 1148989898990D-7/ 

186  C  . . . 

187  DATA  (CC(2 , J) , J-l , 7)/3 . 33333333333333D-1 , 6. 0379435379435D-2 , 

188  6-5 . 53 6 1305 361 305 D-2, -2. 881 37788 13779D-3 , 1 .7482517482517D-3 , 

189  61 .6341297591298D-2.-6.0703185703186D-4/ 

190  C  . - . - . . 

191  DATA  (CC(3,J) ,  J-l ,7)/2. 395 1590205 46 D-l , 2 . 3045 899271 3 89D-2 , 

192  6-2 . 06^88557 881 7 5D-2 , -5 . 8306798502877D-4 , 3 . 4099027907077D-4 , 

193  63 . 183891 48691 01 D-3 , -6 . 22066701 7 8806D-5/ 

194  C  . - . . 

195  DATA  (CC(4,J) ,  J-l ,7)/l .6 923254427629 D-l ,8. 24 850700 8995 2D- 3 , 

196  6-7.30246331942390-3,-1 . 056201 4757286D-4, 6. 057342845605  ID-5, 

197  65.6541 14846 1326D-4 .-5.5661610043088D-6/ 

198  C  . . . . . - - - 

199  DATA  (CC(5 , J) , J— l ,7)/l .41 69 5 80 127478 D-l ,4. 862 354500035 7 D-3 , 

200  6-4 . 2895 207 76550 3  D-3 , -4 . 3823594548232D-5 , 2 . 4987497756926D-5 , 

201  62. 332287866 1 008D-4, -1 . 6138972424588D-6/ 

202  C 

203  C  . 

204  C 

205  C  Initialize  String  Variables 

206  C 

207  C  . 

208  C 

209  DATA  (Pstr(l . I) , 1-1 , 6)/' ABSORBANCE’ . 'H  TRANSMISSION' , 

210  6' TEMPERATURE’ , REFLECTANCE'  CONCENTRATION 1 ,' EMI SS ION '/ 

211  DATA  (Ps t r (2 , I) , I-l ,4)/' WAVELENCTH’ , ' TIME' , ' TEMPERATURE'  , 

212  6' DISTANCE' / 
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DATA  (Pst r (3, I ), 1-1,11)/’ OFF’ ,'0.01' ,*0.02 ' , ' 0 . 05 ' , 1 0 . 1 ’ , ' 0 . 2 ' , 
&'0.5'  .'1.0*  ,'2.0'  ,’5.0’  ,'10.0V 
DATA  Pstr(4,l)/'0FF'/ 

DATA  (Pst r (4, I), 1-6, 15)/' 0. 2*  0.5* .'1.0' ,'2.0' 5. O' , 

&'  10'  , '20' , '50' , ' 100' , '200'/ 

DATA  (Pst  r (5 , I ) , 1-1 ,4)/' AUTO  SELECT’ , 'AUTO  CAIN’ , ’ AUTO  SLIT’  , 

&' SINGLE  BEAM’/ 

DATA  (Pstr(6,l),I-l , 5)/' OFF' , 'NORMAL' .'1ST  DERIV' , '2ND  DERIV' , 

& '  LOC  ’  / 

DATA  (Pstr(7, I), 1-1,9)/’ 0.01* .'0.02' .'0.05' ,’0.1' ,'0.2' .’0.5' , 
&'1.0' ,'2.0' .’4.0'/ 

DATA  (Pstr(8,I),I-10,16)/,2','5't'10,,'20','50',,100', *200'/ 

DATA  (Pst r (9 , n , 1-12, 15)/’ 10' ,'20' ,'50' ,'100'/ 

DATA  (Pst r(10, 1), 1-1,5)/’ -1.9  TO  0.6*  ,*-2.0  TO  0.5’  , 

&'-2.1  TO  0.4 ','-2. 2  TO  0.3',' -2. 3  TO  0.2’/ 

DATA  (Pstr(ll.l), 1-1,16)/'+/ -0.01'  ,'  +/-0 . 02'  ,  ’  +/-0. 05  •  ,  •  +/-0 . 1 '  , 
&'+/-0.2* , ' +/-0 . 5 ’ ,’+/-!. O' , '+/-2.0' , ' +/-5 . O' ,*+/-10’ ,'+/-20' , 
&-+/-50' , '+/-100' , '+/-200' , '+/-500' , '+/-1000'/ 

DATA  (Pstr(12,I),I-l, 16)/' +/-0 . 01 ' , ' +/-0 . 02 ' , '+/-0 . 05 '  , '+/-0 . 1’ , 
V+/-0.2'  , '  +/-0 .5'  , '  +/-1 . O'  ,  '+/-2.0*  , '  +/-5 . O'  ,'+/-10'  .'+/-20'  , 
fi,'+/-50' , '+/-100' , '+/-200* . '+/-500' . '+/-1000'/ 

DATA  <Pstr(13, 1) . 1-1 . 8)/' +/-0 . 01 ' , '+/-0.02' , '+/-0.05'  ,  '+/-0. 1 ' , 
V+/-0.2'  .'+/-0.5'  .'+/-1.0*  .'+/-2.0'/ 

DATA  <Pstr(14II),I-l,10)/'0','10','20','30','40','50’,,60’,'70' , 
&' 80' , '90'/ 

DATA  (Pstr(15, I) , I— 1 , 4)/' 0 . 5 ' , ' 1 .0' , '3.0' ,'10'/ 

DATA  (Pst  r ( 16 , I ) , 1-1 ,2)/'NORMAL* , 'REVERSE'/ 

DATA  (Pstr(17, I) , I-l ,2)/' OFF' , 'ON'/ 

DATA  (Pstr(18, I) , I-l, 2) /'REPEAT  SCAN' , ' SCL/MULTI' /  , 

DATA  (Pstr(19, I) , I-1,2)/'SERIAL' .'OVERLAY'/ 

DATA  (Pst r (20 , I ) , I-l,4)/'BOTH  ON' , ' UV  ONLY'  , 'VIS/NIR  ONLY'  , 

&' BOTH  OFF’/ 

DATA  <Pstr(21, l), I-l, 3)/'AUTO' ,’UV' , 'VIS/NIR'/ 

DATA  (Pst r(22, I), I-l, 3)/’ AUTO' ,'UV' ,' VIS/NIR'/ 

DATA  (Pst r (23 , 1 ) , I-l , 7* /’FULL' , ' 1/3 ' / 

DATA  (Pstr(24,I),I-l , 3)/' AUTO' , ' UV/VI S ' , ' NIR' / 

DATA  (Pst r (25, I), I-l. 3)/' AUTO' ,'UV' .' VIS/NIR'/ 

DATA  (Pst r (26 , I) , I-l , 4)/' AUTO  SELECT’ AUTO  CAIN' . 'AUTO  SLIT' , 

&' S INCLE  BEAM'/ 

DATA  (Pst r (27 , I ) , I-l ,2)/' FULL* ,’ 1/3'/ 

DATA  (Pstr(28,I).I-l,6)/'0'f’l','2* ,'3' ,'4’,’5'/ 

DATA  (Pst r (29 , I ) , I-l ,2)/' STANDARDS ' , 'UNKNOWNS'/ 

DATA  (Pstr(30, I) ,1-3, 6)/'DIRECT' , 'LINEAR' ,' DIRECT -QUAD'  . 

&' QUADRATIC’/ 

DATA  (Pst  r (31 , I ) , 1-7 ,8) /'NORMAL* , 'AVERAGED'/ 

DATA  (Pstr(32, I) , 1-9, 13)/' SIGNAL  AV* ,' SAMPLE  AV’ , 'QUICK', 

&' EXTENDED' , 'FIXED'/ 

DATA  (Pst r (33 , 1 ) , I-l , 5)/' DSPL  RESULTS ',' DSPL  SETUP'. 'NEXT  CONC' , 
&' DELETE  SAMPLE' , 'CLEAR  RESULTS’/ 

DATA  (Pstr(34, I) , I-l , 2) /’ OFF' ,'ON'/ 

DATA  (Pstr(35,I),I-1.2)/T.'2'/ 

DATA  (Pstr(38,l),I— 1,5)/'  OFF','  ON' ,' RECORD' , '  ',' ON/SETUP' / 


DATA  (Pst r (40 , I ) , I-t ,2)/' INTERVAL' , ’ ACCY- DRIVEN ' / 


'RECORD','  ', 'ON/SETUP'/ 


30 


DATA  (Fit ( I ) , 1-1 ,5)/'  7 *  ,  ’  1 1  * , ’ 1 5 * . *  2 1 ' . *  25  * / 


266  C 

267 

268  C 

269  Pfit-’  POINT  FIT' 

270  BELL-CHAR ( 7 ) 

271  ESC-CHAR(27) 

272  CLR-ESC// 1 J ' 

273  HOME-ESC// ' h ' 

274  UP— ESC//' A' 

275  DOWN— ESC//' B’ 

276  ERAS  E— ES  C// ' K ' 

277  C 

278  C  . . . 

279  C 

280  C  Assign  Statement  Labels 

281  C 

282  C  . - . . . - . 

283  C 

284  ASS1CN  10  TO  MENU 

285  ASSIGN  100  TO  READ 

286  ASSIGN  300  TO  SETTINGS 

287  ASSIGN  400  TO  EDIT 

288  ASSICN  1000  TO  STORE 

289  ASSICN  2000  TO  CURFILE 

290  ASSICN  9999  TO  EXIT 

291  C 

292  C  . 

293  C 

294  C  Data  Transfer  And  Edit  Control  Menu 

295  C 

296  C  . - . 

297  C 

298  CALL  FFRCL(79)  !  Eliminate  Line  Wrap 

299  10  WRITE  (1,*)  HOME.CLR, 

300  NCOL-70 

301  TITLE-' Cary  2390’ 

302  CALL  Center (TITLE) 

303  TITLE-' Spectral  Data  Editing’ 

304  CALL  Center(TITLE) 

305  WRITE  (1 , ' (T61 ,A2,A8) ' )  UP.'Rev:  1.8' 

306  CALL  Llne(NCOL) 

307  WRITE  (1,20)  'CODE' , 'FUNCTION' , 'STATUS’ , 'MIN’ , 'MAX' ,' INC' 

308  20  FORMAT  (T4 , A4 , T1 8 , A8 ,T38 , A7 ,T50 , A3 , T58 , A3 , T66 , A3) 

309  CALL  Line(NCOL) 

310  WRITE  (1,30)  '  R'  , ' . Read  Spectrum . \Sstat(l), 

311  &Smin,Smax,Slnc 

312  WRITE  (1,40)  'I',' . Instrument  Settf..gs . ',Sname(l) 

313  WRITE  (1.30)  '  E’  , ' . Edit  Spectrum . \Fname, 

314  &Emin,Emax,Elnc 

315  WRITE  (1,50)  'S’,' . Store  Spectrum . '.Fstat 

316  WRITE  (1,50)  ’D’,’ . Store  Derivative.  . \Dstat 

317  WRITE  (1,50)  ’C’,’ . Store  Curve  Fit  File _ ’  .Cstat 

318  WRITE  (1,60)  'X’,’ . EXIT  Menu . ' 
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319 

320 

321 

322 

323 

324 

325 

326 

327 

328 

329 

330 

331 

332 

333 

334 

335 

336 

337 

338 

339 

340  C 

341  C 

342  C 

343  C 

344  C 

345  C 

346  C 

347 

348 

349 

350 

351 

352 

353 

354 

355 

356 

357 

358 

359 

360 

361 

362 

363 

364 

365 

366 

367 

368 

369 

370 


30 

40 

50 

60 


70 


80 

90 


FORMAT  (/ , T6 , A , T7 , a30 , T39 . A1 0 , T50 , A4 , T5  8 , A4 , T66 , A4 ) 
FORMAT  (/ ,T6 , A, T7 , A30 ,T39 , A20) 

FORMAT  (/,T6,A,T7,A30,T39,A10) 

FORMAT  (/ , T6 , A,T7 , A30) 

WRITE  (1.*) 

CALL  Line(NCOL) 

WRITE  (1,*) 

WRITE  (1,*)  UP , ERAS E , ' _ ' 

WRITE  (1, ' (T3,A15,A,A27')  'Enter  the  CODE:  \ BELL, 
READ  (1,80)  Coda 


CALL  Uppar(Coda) 
IF  (Code.EQ. 'R') 
IF  (Code.EQ. ' I') 
IF  (Coda . EQ. ' E' ) 
IF  (Code.EQ. ’S' ) 
IF  (Code.EQ. 'D' ) 
IF  (Code.EQ. 'C' ) 
IF  (Code.EQ. 'X' ) 
CO  TO  70 
FORMAT  (Al) 
FORMAT  (A14) 


CO  TO  READ 
CO  TO  SETTINCS 
CO  TO  EDIT 
CO  TO  STORE 
CO  TO  STORE 
CO  TO  CURFILE 
CO  TO  EXIT 


Read  Spectrum 


100  TITLE—' Read  Spectrum' 

J-l 

IF  (Sstat(l) .NE. 'VALID')  GOTO  120 
110  WRITE  (1,*)  UP, ERASE,’  Spectrum  Is  PRESENT:  ', 

&'N...New  Spectrum,  B. . . Base  1 Ine ,  Q. ..Quit  ?  ' ,BEL L,’_’ 

READ  (1,80)  I  code 
CALL  Uppe  r ( I  code ) 

IF  ( Icode.EQ. 'Q' )  CO  TO  70 
IF  (Icode.EQ. 'N' )  CO  TO  120 
IF  (Icode.NE. 'B' )  CO  TO  110 
IF  (Sstat(2) .EQ. 'VALID' )  THEN 
WRITE  (1,*)  UP. ERASE,'  Baseline  SUBTRACTED:  '.BELL 
CALL  Walt  (2.0) 

CO  TO  110 
END  IF 

TITLE-' Subtract  Baseline' 

J-2 

120  WRITE  (1,*)  HOME , CLR , ' 

CALL  Center (TITLE) 

CALL  Line (NCOL) 

WRITE  (1,*)  DOWN,'  Enter  Filename:  ' , BELL, 

READ  (1 , ' (A20) ' )  Sname(J) 

WRITE  (1,*)  DOWN,’  Directory,  (RETURN  -  /DEFAULT/) :  *,BELL,'_' 
READ  (1 , ' (A40) ' )  Directory 
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371  IF  (Directory. EQ. ’  ')  THEN 

372  Fi lespec-Sname(J) 

373  GO  TO  130 

374  END  IF 

375  K-40 

376  DO  WHILE  (Directory(K:K) .EQ. '  ') 

377  K-K-l 

378  END  DO 

379  Fi lespec— Direct ory(l :K)//'/'//Snajne(J) 

380  130  K-63 

381  DO  WHILE  (Fi lespec(K:K) .EQ. '  ') 

382  K-K-l 

383  END  DO 

384  WRITE  (1,*)  UP, ERASE, '  Validating:  ' ,Fi lespec(l :K) , ' 

385  CALL  Wait (1.0) 

386  OPEN  (UNIT-66, FILE-Fi lespec(l  :K) , I OSTAT-N , STATUS-’ OLD' ) 

387  WRITE  (1,*) 

388  IF  (N.NE.O)  THEN 

389  N-N-500 

390  WRITE  (1,*)  UP. ERASE, 

391  IF  (N.EQ.6)  WRITE  (1,*)  '  File  does  NOT  EXIST:  ' , BELL, 

392  IF  (N. EQ. 8)  WRITE  (1.*)  '  File  is  already  OPEN:  ' , BELL, 

393  IF  ((N.NE.6) .AND. (N.NE.8))  WRITE  (1,*)  '  Disk  Error  *  ' ,N, 

394  &  BELL, ' 

395  CALL  Wait (2.0) 

396  WRITE  (1,*) 

397  IF  (J.EQ.l)  Sst*t(J)-' INVALID' 

398  CO  TO  MENU 

399  END  IF 

400  Fnaxne— '  '  !  New  File  Opened  So  Erase  Any 

401  Emir*-'  '  I  Previous  Descriptors  For 

402  Emax-'  '  *  !  A  Valid  Edited  Spectrum 

403  Einc-’  ’ 

404  Sstat (2)-'  ' 

405  WRITE  (1,*)  UP, ERASE,'  Reading  File:  ' , Ft lespec( 1 :K) , BELL 

406  READ  (66.FMT— 140, IOSTAT-N ,  ERR-230)  LABEL(J) 

407  140  FORMAT  (A72) 

408  WRITE  (1,*)  DOWN,'  Title:  ' 

409  WRITE  (1 ,*)  '  ' , LABEL( J ) 

410  READ  (66, rMT-150, IOSTAT-N, ERR-230)  DATE(J) 

411  150  FORMAT  (A8) 

412  WRITE  (1,*)  DOWN,'  Date:  '  , DATE ( J 

413  READ  (66,*, IOSTAT-N .ERR-230)  XMIN( J) ,XMAX( J ) ,XSTEP( J ) . CONC( J ) 

414  &PATH(J) 

415  READ  (66,*, IOSTAT-N, ERR-230)  0RD(J) ,ABSC(J) ,CELL(J) ,CYCLE(J) . 

416  &SAMPL£(J) ,WAVE(J) .TIMER(J) ,TEMP(J) ,DIST(J) 

417  WRITE  (1,160)  DOWN, ' Scan  Range:  ',XMAX(J),'  to  '.XMIN(J), 

418  6,'  ran  at  ',XSTEP(J),’  run  steps' 

419  WRITE  ( 1 , ' (T4 , A2 , A12 , 2X,C9 . 4) ' )  DOWN, 'Cone.  (M)  :  ’ ,C0NC(J) 

420  WRITE  (1,170)  DOWN, 'Path  (cm)  :  ' ,PATH(J) 

421  WRITE  (1.170)  DOWN.'Temp.  (C)  :  ' ,TEMP(J) 

422  160  FORMAT  (T4 , A2 , A12 , F6 . 2 , A4 , F6 . 2 , A7 , F4 . 2 , A9) 

423  170  FORMAT  (T4 , A2 , Al 2 , F6 . 2 ) 


424 

425 

426 

427 
423 

429 

430 

431 

432 

433 

434 

435 

436 

437 
433 

439 

440 

441 

442 

443 

444 

445 

446 

447 

448 

449 

450 

451 

452 

453 

454 

455 

456 

457 

458 

459 

460  C 

461  C 

462  C 

463 

464 

465 

466 

467 

468 

469 

470 

471 

472 

473 

474 

475  C 

476  C 


READ  ( 66 , FMT— 1 80 , 1 OSTAT— N , ERR-230 )  NP,NV,ND(J) 

180  FORMAT  ('3, 13, 16) 

IF  ( (NP.NE. 49) .OR. (NV.NE. 14) )  CO  TO  220  !  Data  Format  Error 

WRITE  (1 ,*) 

IF  (ABS(XMIN(J)-WAVE(J)) .CT.0.2)  THEN 

WRITE  (1,*)  '  Scan  ended  at '  ,WAVE(J)  ,  ’  run', BELL 
CALL  Wai t (2. 0) 

WRITE  (1,*)  UP, ERASE, UP, UP 
END  IF 

WRITE  (1 ,*)  HOME, ’_’ 

TITLE-’###  READ1NC  DATAFILE  ##*’ 

CALL  Canter (TITLE) 

READ  (66, FWT-190, IOSTAT-N, ERR-230)  (PARAM(J ,K) ,K-1 .NP) 

190  FORMAT  (12) 

READ  (66,*, IOSTAT-N, ERR-230)  ( VAR I  ABLE (J , K) ,  K-l ,NV) 

NDATA— ND( 1 ) 

IF  (J.EQ.l)  THEN 

READ  (66,*, IOSTAT-N, ERR-230)  (Y( I ) . 1-1 , NDATA) 

READ  (66,*, I OSTAT-N, ERR-230)  (X( I ) , 1-1 , NDATA) 

WMIN-XMIN(J) 

WMAX-XMAX(J) 

STEP— XSTEP ( J  ) 

CALL  Str(WMIN. String, 4) 

Smln-Strlng(2:5) 

CALL  Str(WMAX, String. 4) 

Smax-Str Ing(2:5) 

CALL  Str(STEP, String, 4) 

S I nc-St  r Ing(2 : 5) 

Sstal (J)—’ VALID’ 

IF  (PARAM( 1 , 1 ) . EQ. 0)  THEN 


Ymode-’A’ 

1  Ordinate 

Mode  -  ABSORBANCE 

ELSE 

Ymode-’ T’ 

1  Ordinate 

Mode  -  TRANSMISSION 

END  IF 

CO  TO  210  !  Closa  Spectrum  File 

END  IF 


Test  For  Baseline  Matching 


MATCH-. TRUE. 

IF  (XMIN(l) ,LT.XMIN(2))  MATCH- . FALSE . 

IF  (XMAX(l) .CT.»4AX(2))  MATCH- . FALS E . 

IF  (XSTEP(l) ,NE.XSTEP(2))  MATCH- . FALSE . 

IF  ( PARAM( 1 , 1 ) .NE. PARAM( 2 , 1 ) )  MATCH- . FALSE. 

IF  ( PARAM( 1 ,5) ,NE . PARAM(2 , 5) )  MATCH- . FALSE . 

IF  (PARAM( 1 , 16) .NE. PASAM(2 , 16) )  MATCH- . FALSE . 
IF  (PARAM( 1 , 21 ) .NE. PARAM(2 , 21 ) )  MATCH- . FALSE. 
IF  (PARAM( 1 ,22) . NE . PARAM( 2 , 22) )  MATCH- , FALSE . 
IF  (PARAM( 1 , 23 ) . NE . PARAM( 2 , 23) )  MATCH- . FALSE . 
IF  (PARAM( 1 ,38) . NE . PARAM( 2,38))  MATCH- . FALSE. 
IF  (.NOT. MATCH)  CO  TO  240 


Read  Entire  Baseline  File 


477  C 

478 

479 

480  C 

481  C 

482  C 

483 

484 

485 

486 

487 

488 

489 

490 

491 

492 

493 

494 

495 
4S6 

497 

498 

499 

500  C 

501 

502 

503 

504 

505 

506 

507 

508 

509 

510 

511 

512 

513 

514 

515  C 

516  C 

517  C 

518  C 

519  C 

520  C 

521  C 

522 
5' ’3 

524 

525 

526 

527 

523 
529 


READ  (66,*, IOSTAT-N.ERR-230)  (YB(I),  I-1,ND(2)) 

READ  (66,*, IOSTAT-N,ERR-230)  (XB(1),  I-1,ND(2)) 

Match  Baseline  Index  To  Starting  Wavelength  Of  Spectrum 

START-0 

IF  (WHAX.LT.XMAX(2))  THEN 

START-N I NT ( ( XMAX( 2 ) -WMAX) /XSTEP ( 2 ) ) 

END  IF 

DO  200  I-l.NDATA  !  Subtract  Relevant  Wavelength 

K-l+START  !  Region  Of  Baseline  File 

IF  (Ymode . EQ. ' A' )  THEN  !  Absorbance  Mode 

Y(I)-Y(I)-YB(K)  !  SUBTRACT  BASELINE  DATA 

ELSE  !  Transmission  Mode 

Y( I )-(Y( I )/YB(K) )*100. 0  !  RATIO  TO  BASELINE  DATA 

END  IF  !  NB:  You  Can't  READ  &  SUBTRACT 

200  CONTINUE  !  With  The  Implied  DO  LOOP  FORM 

Sstat ( J )  — *  VALID'  !  Set  Baseline  To  VALID 

210  CLOSE  (UNIT-66, IOSTAT-N , ERR-230) 


COUNT— 0  !  Zero  Smoothing  Cycle  Counter 

J— 1  !  Select  Spectrum  Mode  Before 

CO  TO  MENU  !  Returning  To  Main  Menu 

220  WRITE  (1,*)  IT, ERASE,'  Data  Format  Error:  *,BELL,'_' 

Sstat (J)-' ABORTED' 

CO  TO  250 

230  WRITE  (1,*)  UP, ERASE,’  Disk  Error  #'  ,N , BELL, ’  _' 

Sstat (J)-' INVALID' 

CO  TO  250 

240  WRITE  (1,*)  UP, ERASE,'  Baseline  Mismatch  Error:  ',BELL,'_' 

250  CALL  Wait (2.0) 

'WRITE  (1,*) 

CO  TO  210 

260  WRITE  (1.*)  UP , ERASE , '  Spectrum  is  ABSENT:  ’,BELL,'_' 

CALL  Wait (2.0) 

WRITE  (1,*) 

CO  TO  70 


Display  Instrument  Settings 


300  IF  (Sstat(l) .NE. 'VALID' )  CO  TO  260 
IF  (Sstat(2) ,EQ. 'VALID')  THEN 
WRITE  (1,*)  UP, ERASE,'  S.. .Spectrum  or  8. ..Baseline  ? 
&  BELL,'.’ 

READ  (1,80)  Icode 
CALL  Upper( Icode; 

J-l 

IF  (Icode . EQ. ’ B* )  J-2 
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530  END  IF 

531  3AND-VARIABLE(J , 10) 

532  CA IN-VAR I ABLE (J ,6) 

533  CALL  Val (Pst  r(7 ,  PARAM(  J  ,  7)  +  l ) ,  PMAX) 

534  PMIN-VARIABLE(J , 1 ) 

535  IF  (PARAM(J.l) .NE.O)  THEN 

536  CALL  Va 1 (Pst r ( 8 , PARAM( J , 8)+l ) , PMAX) 

537  PM I N— VAR 1  ABLE ( J , 11) 

538  END  IF 

539  PMAX— PM  I N+PMAX 

540  K— 11 

541  IF  ( PARAM ( J , 6 ) . EQ . 4 )  K-10 

542  String-Pstr(K,PARAM(J , K)+l) 

543  WRITE  (1,*)  HOME , CLR , ' 

544  TITLE-’ Inst rumant  Saltings' 

545  CALL  Cantar (TITLE) 

546  CALL  LIna(50) 

547  WRITE  (1 , * (T20,A8,T40,A7) ' )  ’ FUNCTION’ SETTINC' 

548  CALL  LINE(50) 

549  WRITE  (1,*) 

550  WRITE  (1,320)  ' WAVELENCTH  LIMITS . 

551  &XMIN(J) , ' , ' ,XMAX(J) 

552  WRITE  (1,330)  ’ORDINATE . 

553  &Pst  r ( 1 , PARAM( J , 1 )  +  l ) 

554  WRITE  (1,330)  'ABSCISSA . 

555  6J*s t  r  ( 2 ,  PARAM ( J  ,  2 )  -*- 1 ) 

556  WRITE  (1,330)  'SCAN  RATE  <rw/sac) . 

557  &Pst  r (3 , PARAM  (J , 3)+l ) 

558  WRITE  (1,330)  'CHART  DISPLAY  (nm/cm) . . 

559  &Pstr(4,PARAM(J.4)+l) 

560  WRITE  (1,330)  ' REFERENCE  MODE . 

561  &Pst  r (5 , PARAM (J , 5)  +  l ) 

562  WRITE  (1,340)  'SBW  (nm),  CAIN . 

563  &BAND, ' , ' .CAIN 

564  WR I "r~  (1.330)  'PEN  FUNCTION . 

565  iSPst  r  (6  ,  PARAM(  J  , 6)+l ) 

r  ‘>6  WRITE  (1.340)  'PEN  LIMITS  (Min, Max)... 

567  6tPMIN  ,  '  ,  '  ,  PMAX 

568  IF  :paRAM(J,6) .CT. 1)  WRITE  (1.350)  UP , ERASE , S t r I ng 

569  WRITE  (1.330)  'RESPONSE  TIME  (sac)... 

570  &Pst  r ( 15 , PARAM (J , 15)  +  t ) 

571  WRITE  (1,330)  'BEAM  INTERCHANCE . 

572  4J»str(16.PARAM(J, 16)+1) 

573  'WRITE  (1.330)  'SLIT  HEICHT . 

574  6J*st  r  (23  ,  PARAM ( J  ,  23 )  + 1 ) 

575  WRITE  (1.330)  'LAMP  SELECT . 

576  &Pstr(:’ ,PARAM(J,21)+1) 

577  WRITE  (1,330)  'DETECTOR  SELECT . 

578  &Pst  r (22 , PARAM ( J , 22)  +  l ) 

579  320  FORMAT  (T1 5 . A23 , T40 , F5 . 2 , A , F5 . 2 ) 

580  330  FORMAT  (T1 5 , A23 , T40 . Al 4) 

581  340  FORMAT  (T1 5 , A23 , T40 , F4 . 2 . A . F5 . 2 ) 

582  350  FORMAT  (T40 , A2 , A2 . A I  4 ) 
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WRITE  (1,*) 

CALL  Line(50) 

WRITE  (1,*) 

360  WRITE  (1 , * (T14,A2,A2,A23,A,A) ' )  UP, ERASE. 

&’  Press  RETURN  for  MENU:  ’ , BELL, 

READ  (1,80)  Icode 
CALL  Upper(Icode) 

IF  (Icoda.NE. '  ')  CO  TO  360 
CO  TO  MENU 


Edit  Spectral  File  Parameters 


IF  (Sstat(l) .NE. 'VALID* )  CO  TO  260 
WRITE  (1,*)  HOME.CLR, 

TITLE-' Edit  Spectral  Parameters' 
CALL  Center(TITLE) 

CALL  Li ne(40) 


WRITE  (1,*) 

WRITE  (1,410)  'C  . Cancentrat ion,  (M) 

WRITE  (1,410)  'D  . Date,  (MW/DC/YY) 

WRITE  (1,410)  'L  . Labe  I ,  (72  chars) 

WRITE  (1,410)  ’P  . P^thlength,  (cm) 

WRITE  (1,410)  'S  . Spectral  Data 

WRITE  (1,410)  'X . EXIT  to  Menu 

410  FORMAT  (T24.A25,/) 

CALL  Line (40) 

WRITE  (1,*) 

420  WRITE  (1,430)  UP. ERASE, '_' 

430  FORMAT  (T1 9 , A2 , A2 , A) 

WRITE  (1 , ' (A17.A.A) ')  '  Ent 
READ  (1.80)  I  code 
CALL  Upper(Icode) 

IF  ( I  code . EQ . 'C' )  CO  TO  440 
IF  ( I  code . EQ. 'D')  CO  TO  460 
IF  (Icode.EO. ’L' )  CC  TO  470 
IF  ( Icode.EQ. 'P' )  CO  TO  480 
IF  (Icode.EQ. 'S’ )  CO  TO  3C0 
IF  (Icode.EQ. ‘X’)  CO  TO  MEN 
CO  TO  420 


Enter  the  CODE:  ' .BELL, 


'  D' )  CO  TO  460 
•L' )  CC  TO  470 
’  P’ )  CO  TO  480 
'  S’ )  CO  TO  3C0 
•X* )  CO  TO  MENU 


440  WRITE  (1.430)  UP, ERASE, '_' 

WRITE  (I,*)  'Concentrat ion, (M) : 
WRITE  (1,430)  UP , BELL 
430  FORMAT  (T39.A2.A,'?  _' ) 

READ  (1 ,90)  String 
IF  (String. EQ. ’  ’ )  CO  TO  420 
CALL  Val (St  r i ng, CONC( 1 ) ) 
CONC(l)-ASS(CCNC( 1 ) ) 

CO  TO  420 


’ ,CONC(t) 
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636  c 

637  460 

638 

639 

640 

641 

642 

643 

644  C 

645  470 

646 

647 
643 

649 

650 

651 

652 

653 

654  C 

655  480 

656 

657  490 

658 

659 

660 
661 
662 

663 

664  C  ■ 

665  500 

666 

667 

668 

669 

670 

671 

672 

673 

674 
673 

676 

677 

678  310 

679 

680 

681  320 

682  530 

683 

684  540 

685 

686 
687 


WHITE  (1,430)  UP, ERASE, 

WRITE  (1,*)  '  Data ,  (M4/DD/YY) :  *,DATE(1) 

WRITE  (1,450)  UP, BELL 

READ  (1 , 150)  String 

IF  (String. EQ. '  ' )  CO  TO  420 

DATE( 1 )-S  t  r i ng( 1 : 8) 

CO  TO  420 


WRITE  (1,*)  UP , ERASE , ' Lab* 1 : * , DOWN 
WRITE  (1/ (A3, A72)')  '  '  , LABEL ( 1 ) 

WRITE  (1 , ' (T4.A.T75 ,A) ' )  ,T,,'T' 

WRITE  (1,*)  UP, UP, BELL, '? 

READ  (1,140)  TITLE 

WRITE  (1,*)  ERASE ,  UP ,  ERA-S E ,  U? ,  UP ,  ERAS E 
IF  (TITLE. EQ. '  1 )  CO  TO  420 
LABEL(l) -TITLE 
CO  TO  420 


WRITE  (1.430)  UP, ERASE. 

WRITE  (1,490)  '  Pathlangth,  (cm):  \PATH(1) 

FORMAT  (X.A20.X.F5.4) 

WRITE  (1.450)  UP, BELL 
READ  (1,90)  String 
IF  (String. EQ. '  1 )  CO  TO  420 
CALL  Val (String, PATH( 1 ) ) 

PATH( 1 )— ABS ( PATH( 1 ) ) 

CO  TO  420 


T I TLE— 'Edit  Spactral  Data' 
WRITE  (!,★)  HOME.CLR, 

CALL  Cantar (TITLE) 

CALL  Lina (40) 


L  . Lilt 

'E  . Edit 


Data  S. 
Sing  la 


ajjant 

Datum 


'O  . Offiat  Sagmant 

'N  . Haar  1R  Roscala 

'  R  . Raduca  FI  la  Slza 

'  S  . Smooth  Sagraant 

’D  . Dariv.  Spactra 

’X  . EXIT  Data  Editing 


WRITE 
WRITE 
WRITE 
WRITE 
WR  I TE 
WRITE 
WRITE 
WRITE 
WRITE 
FORMAT  (T26.A24,/) 

CALL  Lina (40) 

WRITE  ( 1 ,*) 

WRITE  (1.530)  UP, ERASE, 

FORMAT  (T19.A2.A2, A) 

WRITE  (1,540)  •  Entar  tha  CODE:  ' , BELL, 
FORMAT  (Al 7 , A , A) 

READ  (1,80)  Coda 


(l.*> 

(1.510) 

(1.510) 

(1.510) 
(1.510) 
(1.510) 
(1.510) 
(1.510) 
(1.510) 


CALL  Uppar(Coda) 

WRITE  (' ,*)  UP, ERASE. UP 


B 


I 

I 

B 

S 

| 

s 

I 

1 

I 

B 

a 

a 

i 

a 
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1 


IF  (Code.EQ. 'L‘ ) 
IF  (Code.EQ. lE' ) 
IF  (Code.EQ. 'O’ ) 
IF  (Code.EQ. ’N’) 
IF  (Code.EQ. 'R' ) 
IF  (Code.EQ. 'S' ) 
IF  (Code.EQ. 'D' ) 
IF  (Code . NE. ' X' ) 
WRITE  (1,*) 

CO  TO  520 
END  IF 

CALL  S  t  r (WMIN , St 
Emir»-String(2:5) 
CALL  S; r (WMAX, St 
Emax-String(2:5) 
CALL  St r (STEP , St 
EInc-String(2 :5) 
Fname-' VALID' 

CO  TO  400 


CO  TO  550 
CO  TO  630 
CO  TO  660 
CO  TO  660 
CO  TO  660 
CO  TO  740 
CO  TO  740 
THEN 


ring.4) 
ring, 4) 
ring, 4) 


550  WRITE  (1,*)  '  Scan  Range:  '.WMIN,'  to' ,WMA 
&STEP, '  no  steps' .DOWN .DOWN 
560  WRITE  (1,*)  UP , ERASE , *  DISPLAY  Range:  (MIN 
READ  (1 ,*,ERR-560)  WN.WX 
WN-ABS(WN) 

WX-ABS(WX) 

CALL  XI i nits (WN.WX) 

IF  ((WN. LT. WMIN) .OR. (WN.CT. WMAX))  CO  TO  560 
IF  ((WX. LT. WMIN) .OR. (WX.CT. WMAX))  CO  TO  560 
START— N I  NT ( ( WMAX- WX) /STEP) +  1 
FINI SH— N INT ( N DATA- (WN- WMIN) /STEP) 

IF  (Ytnode.EQ.  'A'  )  THEN 


.WMAX,  '  run  at  '  , 


(MIN. MAX)  ?  ' , BELL. 1 _ 


TITLE-' Wave  length  Abso 
ELSE 

TITLE-'Wavelength 
END  IF 

WRITE  (1 ,*)  HOME.CLR, 

CALL  Center (TITLE) 

CALL  Line (50) 

L-l 

DO  580  I-START, FINISH 

WL-( WMAX -FLOAT ( I  - 1 ) *STEP) 
EC-Y ( I )/CONC( 1 )/PATH(l ) 
WRITE  (1 ,*) 

IF  (Ymoda.EQ. 'A' )  THEN 
WRITE  (1.590)  X( I ) , Y( I ) 
ELSE 

WRITE  (1.600)  X ( I ) , Y ( I ) 
END  IF 
L-Lrl 

IF  (L.EQ. 10)  THEN 
WRITE  (1 ,*)  DOWN 
WRITE  (l ,610)  UP . ERASE . 


Absorbance 


Ext. Coe ff.  (/M/cm)’ 


Transml ss i on' 


Calculated  Wavelength 
Extinction  CoefClc'ent 


Press  RETURN  to  Continue  '.DELL, 
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741  READ  (1,80)  Icode 

742  CALL  Upper (I code) 

743  IF  ( I  code . NE. '  ' )  CO  TO  570 

744  WRITE  (1,*)  HOME, CLR, 

745  CALL  Center(TlTLE) 

746  CALL  Line (50) 

747  L-l 

748  END  IF 

749  580  CONTINUE 

750  590  FORMAT  (T16 , F7 . 2 , T30 , F7 . 4 , T45 , CIO . 4) 

751  600  FORMAT  (T22 , F7 . 2 , T41 , F7 . 2) 

752  610  FORMAT  (T15 , A2 , A2 , A25 , A, A) 

753  WRITE  (1,*)  DOWN 

754  620  WRITE  (1,610)  UP, ERASE, ' Press  RETURN  for  MENU  ’ , BELL . ' _ * 

755  READ  (1,80)  Icode 

756  CALL  Upper( Icode) 

757  IF  (Icode. NE.'  ')  CO  TO  620 

758  CO  TO  500 

759  C  . . . - . 

760  630  WRITE  (1,*)  '  Scan  Range:  \WMIN,’  to'.WMAX,'  mat', 

761  &STEP, '  nm  steps' .DOWN, DOWN 

762  640  WRITE  (1,*)  UP, ERASE,'  EDIT  Wavelength:  ?  \BELL,’_' 

763  READ  (1 ,*,ERR-640)  WL 

764  WL— ABS ( WL) 

765  IF  ( (WL. LT . WMIN) .OR. (WL. CT. WMAX) )  CO  TO  640 

766  I-NINT((WMAX-WL)/STEP)+1 

767  WRITE  (1,*)  UP,  ERASE.  UP,  UP,  ERASE,  '  Wavelength:  '  . X(.I  )  ,  '  nm 

768  WRITE  (1,*)  ' (Expected: ' , (WMAX-FLOAT( I -1 )*STEP) , ’  run)' 

769  IF  Omode.EQ.  'A'  )  THEN 

770  St  ring-' ABSORBANCE:  _' 

771  ELSE 

772  String-’*  T  or  *  R: 

773  END  IF 

774  WRITE  (1 , ' (T5 ,A2,A14) ' )  uOWN, String 

775  WRITE  (1,*)  Y( I ) 

776  650  WRITE  ( 1 , ' (T1 8 , A2 , A , A3 ) ' )  UP, BELL,'?  _* 

777  READ  (1,90)  String 

778  IF  (String. EQ. '  ')  CO  TO  500 

779  CALL  Val (String, NUMBER) 

780  IF  (Ymode.EQ. 'A' )  THEN 

781  IF  ((NUMBER. LT. -0.5) .OR. (NUMBER. CT. 4. 5))  CO  TO  650 

782  ELSE 

733  IF  ( (NUMBER. LT. 0.0) .OR. (NUMBER. CT. 200.0))  CO  TO  650 

784  END  IF 

785  Y( I) -NUMBER 

786  CO  TO  500 

787  C  . 

788  660  WRITE  (1,*)  '  Scan  Range:  ',WMIN,'  to’.SMAX,'  nm  at', 

789  SSTEP , '  nm  steps' .DOWN, DOWN 

790  St  ring-' OFFSET' 

791  K-6 

792  IF  (Code.EO. 'N')  CO  TO  700 
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793 

794 

795 

796 

797 

798 

799 

800 
801 
802 

803 

804 

805 

806 

807 

808  C 

809 

810 
811 
812 

813 

814 

815 

816 

817 

818 

819 

820 
821 
822 

823 

824 

825 

826 

827 

828 

829 

830 

831 

832  C 

833 

834 

835 

836 

837 

838 

839 

840 

841 

842 

843 

844 

845 


IF  (Code . EQ. ' R' )  THEN 
St  ring- 'FILE' 

K— 4 

END  IF 

670  WRITE  (1,*)  UP, ERASE,'  ’ ,String(l :K) , '  Range:  (MIN, .MAX)  ?  ' 
&BELL, '_' 

READ  (1 ,*,ERR«670)  WN,WX 
WN-ABS(WN) 

WX-ABS(WX) 

CALL  XI Iml ts(WN , WX) 

IF  ((WN.LT.WMIN)  .OR.  (WN.CT.WMAX))  CO  TO  670 
IF  ((WX.LT.WMIN) .OR. (WX.GT.WMAX))  CO  TO  670 
START— NINT ( (WMAX-WX)/STEP)+1 
FINISH— NINT(NDATA-(WN-WMIN)/STEP) 

IS-1 


IF  (Code . EQ. ' O’ )  CO  TO  700 
680  WRITE  (1,*)  UP, ERASE,'  STEP  Multiplier:  ?  ’.IS 
WRITE  (1 , ' (T24,A2,A,A)')  UP,BELL,'_' 

READ  (1,90)  String 
IF  (String. NE. '  ' )  THEN 
CALL  Val ( St r i ng , NUMBER) 

I S-N I NT (NUMBER) 

IF  (IS.CE.NDATA)  CO  TO  680 
END  IF 
J-l 

DO  690  I-START, FINISH, IS 
X(J)-X(I) 

Y(J)-Y(I) 

J-J  +  l 

690  CONTINUE 

WAVF-X(FINISH) 

ABSC-WAVE 

NDATA— (FINI SH-START)/IS+1 
ND( 1 )-NDATA 
STEP-STEP*  FLOAT (IS) 

WMAX-ANINT(X(1)) 

WMIN— ANINT(X(NDATA) ) 

CO  TO  500 


700  YOFF-O . 0 

IF  (Code . EQ. 'O')  THEN 
St  r i ng-' Absorbance  * 

IF  (Ymode.EQ. 'T' )  THEN 
String-'*  T  or  H  R' 

END  IF 
CO  TO  710 
END  IF 

IF  ((PARAM(1, 5). NE.0). OR. (WMIN. CE. 800.0). OR. (WMAX.LE. 300.0))  THEN 
WRITE  (1,*)  UP, ERASE,'  NIR/VIS  Change  Not  Used:  \BELL.'_' 

CALL  Wait (2.0) 

CO  TO  500 
END  IF 


!  Reduced  File  Begins  At 
!  INDEX-1  -  Old  File  Data 
!  Is  Written  Over 

!  Update  File  Parameters 
!  To  .Match  Reduced  File 
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846 

847 

848 

849 

850 

851 

852 

853 

854 

855 

856 

857 

858 

859 

860 
861 
362 

863 

864 

865 

866 

867  C 

868  C 

869  C 

870  C 

871  C 

872  C 

873  C 

874 

375 

376 

877  C 

878 
379 
880 
881 
882 

883 

884 

885 

886 

887 

888 

889 

890 

891 

892 

893 

894 

895 

896 
397 


String-'NIR  Region' 

START- 1 

FIN ISH— N INT ( (WMAX-800 . 0) /STEP)+1 

YOFF— Y(FINI SH+1 )-Y (FINISH)  !  Offset  At  800  nm  Detector  Change 
710  WRITE  (1.720)  UP, ERASE. St r i ng( 1 : 10) , '  OFFSET:  • .YOFF 

720  FORMAT  (T4 . A2 , A2 , A10 , Al 1 , F7 . 4) 

WRITE  (1 , ’ (T24.A2.A.A3) ' )  UP, BELL. '? 

READ  (1,90)  String 
IF  (String. NE. '  * )  THEN 
CALL  Val (String, YOFF) 

END  IF 

IF  (YOFF. EQ. 0.0)  CO  TO  500 
IF  (Code.EQ. 'N' )  THEN 

Y2-Y(FINIStt+l)  i  First  Datum  In  Visible  Region 

Yl— Y2-YOFF  i  Final  Datum  In  Near  IR  Region 

END  IF 

DO  730  I-START, FINISH 

IF  (Code.EQ. 'O' )  Y( I )-Y( I )+YOFF 
IF  (Code.EQ. 'N' )  Y( I )-Y( 1 )*Y2/Y1 
730  CONTINUE 
CO  TO  500 


Smooth  Spectrum 

TITLE-' Smooth  Spectrum' 

DERIV— . FALSE. 

IF  (Code.EQ. 'D' )  CO  TO  880 

!  Transfer  To  Derivative  Setup 

750  WRITE  (1,*)  HOME.CLR, 

CALL  Center(TITLE) 

CALL  Lina(NCOL) 

WRITE  (1,*)  DOWN,'  Select  ALCORITHM: ' , DOWN 
DO  760  1-1,5 

WRITE  (1,770)  I,' . ' , F 1 t ( I ) ,Pfit 

760  CONTINUE 

770  FORMAT  (T25 , 1 1 , X, A5 , X, A2 , A10 , /) 

I  —6 

WRITE  ( 1 ,  '  (T25 , 1 1 ,  X,  Al  8) ' )  I.' .  EXIT  to  Menu’ 

WRITE  (1 ,*)  DOWN 

780  WRITE  (1.790)  UP,  ERASE,  '  Enter  the  CODE  a  :  \BELL,’_' 

790  FORMAT  (T5 , A2 , A2 , A20 , A , A) 

READ  (1,80)  I  code 
L- !CHAR( I  code ) -48 

IF  ((L.LT.l).OR. (L.CT.6))  CO  TO  780 
IF  (L.EQ.6)  CO  TO  500 

WRITE  (1,*)  UP, ERASE, UP. UP, ERASE, UP, UP, ERASE, UP, UP, ERASE, UP, UP, 
&ERASE.UP,  UP,  ERASE,  UP,  UP,  ERASE,  UP,  UP,  ERASE 
WRITE  (!,■*)  UP,'  ALCORITHM:  '  ,  FI  t  (L)  ,  Pf  1 1 ,  '  (Quartic)’ 
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898  C 

899  C 

900  C 

901  C 

902  C 

903  C 

904  C 

905  C 

906  C 

907  C 

908  C 

909  C 

910  C 

911  C 

912 

913 

914 

915 

916 

917 

918 

919 

920 

921 

922 

923 

924 

925 

926 

927 

928 

929  C 

930  C 

931  C 

932  C 

933  C 

934  C 

935  C 

936  C 

937  C 

938  C 

939  C 

940  7 

941  C 

942  C 

943  C 

944  C 

945  C 

946  C 

947  C 

948  C 

949  C 

950  C 


Step  Multiple  Defaults  To  2  For  Improved  Smoothing: 

-  The  Smoothing  Routine  Increments  1  Datum  Per  Fit. 

-  If  The  Noise  Is  Non-Random,  Increasing  The  Step  Size  May 
Produce  A  Sinusoidal  Approximation,  Which  Creates  Very 
poor  Second  Derivative  Spectra.  Smooth  Those  Regions  With 
A  Large  Step  Size  To  Average  The  Noise  And  Then  With  The 
Step  Size  Reduced  To  1  Datum  To  Eliminate  Any  Ripples. 

-  In  General,  Higher  Multiples  Of  The  Data  Step  Size  Produce 
Better  Smoothing  &  MUCH  BETTER  Derivatives. 


IS— 2 

RANGE-FLOAT  (NPTS(L)-l)  *STEP*  FLOAT  (IS) 

WRITE  (1,*)  DOWN,*  Default  SEGMENT  S ize RANGE , ’  nm’ 
WRITE  (1 ,*)  DOWN 
WRITE  (1,*)  UP, ERASE, 

WRITE  (1,'(X, A20.il)')  ’  STEP  Multipl ier:  ’ , IS 

WRITE  (1 , ' (T21 ,A2,A,A3)')  UP, BELL,’? 

READ  (1,90)  String 
IF  (String. EQ. '  ' )  GO  TC  800 
CALL  Val (St ring, NUMBER) 

I S-N I NT (NUMBER) 

IF  (IS.LT.l)  IS-1 
ITEST-(NDATA-1 )/(NPTS(L)-l) 

IF  (1S.CT. ITEST)  IS- I TEST 
800  RANGE-FLOAT  (NPTS  ( L)  -1 )  *STEP*  FLOAT  (IS) 

WRITE  (1,*)  UP .ERASE, UP, UP, ERASE, '  Fitted  SECMENT  Size: 
&RANCE, '  nm' 


LEAST  SQUARES  SMOOTHING 
OF  DATA  SECMENT 

QUART  I C  POLYNOMIAL  FITS 

X-INDEX:  -XX . 0 . +XX  Allows  For  Simplification  Of 

Least  Squares  Summations  -  Odd  Powers  -  Zero 

OFFSETS:  The  Algorithm  Can  NOT  Smooth  The  First  Or  Last 
(XX*IS)  Number  Of  Points  In  The  Spectrum 

X-STEPS:  The  Effectiveness  Of  The  Smoothing  Can  Be  Improved 
By  Widening  The  Wavelength  Interval  Used  By  The 
Routine  (Range  -  IS*XX*STEP  nm) ,  Reducing  The 
Spectral  Resolution.  The  User  Must  Judge  Which 
Algorithm  &  Step  Multiplier  (IS)  Is  Best  Suited 
For  The  Particular  Spectrum.  The  Minimum  Step 
Size  Is  1  Datum.  This  Is  Adequate  For  Smoothing 
But  NOT  For  Derivative  Spectra. 
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951 

952 

953 

954 

955 

956 

957 

958 

959 

960 

961 

962 

963 

964 

965 

966 

967 

968 

969 

970 

971 

972 

973 

974 

975 

976 

977 

978 

979 

980 

981 
932 

983 

984 

985 

986 

987 

988 

989 

990 

991 

992 

993 

994 

995 

996 

997 

998 

999 
1000 
1001 
1002 
1003 


C 

c  - - - - 

c 

WOFF-STEP*FLOAT(IS*(NPTS(L)-l)/2)  !  Wavelength  Offset 

XOFF— ( NPTS ( L) + 1 ) /2  !  X-lndex  Offset+1 

C  - 

WRITE  (1.*)  DOWN,'  Scan  Range:  '.WMIN,'  to* ,WMAX, '  mat', 
&STEP, '  nm  steps' 

WRITE  (1,*)  DOWN 

IF  (DERIV)  CO  TO  910  !  Re-enter  Derivative  Routine 

C  - 

810  WRITE  (1,*)  UP, ERASE,'  SMOOTH INC  Range:  (MIN, MAX)  ’ , BELL , ' _ ' 
READ  (1 ,*,ERR-810)  WN.WX 
WN-ABS(WN) 

WX-ABS(WX) 

CALL  XI imlts (WN.WX) 

IF  (WN.LT.WMIN+WOFF)  WN-WMIN+WOFF 
IF  (WX.CT.WMAX-WOFF)  WX-WMAX-WOFF 
START-N INT ( ( WMAX-WX) /STEP) +1 
Fi N I SH-N I NT ( NDATA- ( WN-WM I N) /STEP) 

WRITE  (1,*)  UP, ERASE, 1  SMOOTHING  Range:  '.WN,'  to’.WX,'  nm' , 
SDOWN ,  DOWN 

820  WRITE  (1,*)  UP. ERASE,'  Total  »  of  Smoothing  PASSES:  ',BELL,'_' 
READ  (1 ,*,ERR-820)  NPASS 
IF  (NPASS. LT.l)  CO  TO  820 


WRITE  (1 ,*)  DOWN 
DO  870  N-l, NPASS 

WRITE  (1,*)  UP, ERASE,'  Pass  #’ ,N,' 

DO  850  I-START, FINISH 
DO  830  J-1,5 

SS(J)-0.0  ! 

830  CONTINUE 

DO  840  K-l.NPTS(L) 

XX-K-XOFF  ! 

YY-0BL£(Y( I+XX*IS) )  ! 

SS(1)-SS(1)+YY  ! 

SS(3)-SS(3)+YY*DBLE(XX+*2)  ! 

SS(5)-SS(5)  YY*DBLE(XX**4)  ! 

840  CONTINUE 

C  - 

C  Array  CC  Holds  Known  Least  Squares  Coefficients 

C  - 

YY-CC(L,  1)*SS(1)+CC(L,3)*SS(3)+CC(L,5)*SS(5) 

Z( I )-SNCL(YY)  !  Z(I)  Is  Smoothed  Segment 

850  CONTINUE  !  For  Range  Requested  Only 

DO  860  l -START, FI  I"  SH 

Y( I )-Z( I )  !  Update  Y( I )  With  Z(I) 

860  CONTINUE 

COUNT -COUNT + l  !  Update  Total  *  Of  Passes 

870  CONTINUE 

WRITE  (1.*)  UP, ERASE,'  Smoothing  FINISHED:  \BELL,’_’ 

CALL  Wait (2,0) 


in  PROCRESS: '  .BELL 


Zero  Summations  Array 


Segment  Is  (-XX.+XX): 
Step  Size  Is  IS*STEP 
Calculate  Summations 
For  Least  Squares  Fit 
Within  Segment : 
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1004 

1005 

1006 

1007  C 

1008  C 

1009  C 

1010  C 

1011  C 

1012  C 

1013  C 

1014 

1015 

1016 

1017 

1018 

1019 

1020 
1021 
1022 
1Q23 

1024 

1025 

1026 

1027 

1028 

1029  C 

1030  C 

1031  C 

1032 

1033 

1034 

1035  C 

1036  C 

1037  C 

1038 

1039 

1040 

1041 

1042 

1043 

1044 

1045 

1046 

1047 

1048 

1049 

1050 

1051 

1052 

1053 

1054 

1055 

1056  C 


Fs tat -'SMOOTHED' 

IF  (Code . EQ. ' D' )  CO  TO  900 
CO  TO  500 


Derivative  Spectrum  Routine 


880  WRITE  (1,*)  HOME.CLR, 

TITLE-' Derivat ive  Spectrum' 

CALL  Center (TITLE) 

CALL  Line(NCOL) 

WRITE  (1,*)  DOWN 

890  WRITE  (1,*)  UP, ERASE, '  SMOOTH  Spectrum  First,  (Y  or  N)  ?  ' 
&J3ELL,  '_' 

READ  (1,80)  Icode 
CALL  Upper( Icode) 

IF  (Icode. EQ. 'Y')  THEN 
DERIV-. FALSE. 

TITLE-' Smooth  Spectrum' 

CO  TO  750 
END  IF 

IF  ( Icode. NE. 'N')  CO  TO  890 


1st  Re-entry  Point  After  Performing  Smoothing  Algorithm 


900  DERI V-. TRUE. 

TITLE-' Derivat ive  Spectrum’ 
CO  TO  750 


2nd  Re-entry  Point  After  Selecting  Derivative  Algorithm 


910  WN— WMIN+WOFF  t  Set  Limits  For  Calculation 

WX-WMAX-WOFF  !  Of  Derivative  Spectrum 

START-N I NT ( ( WMAX- WX) /STEP ) + 1 
FINISH— NJNT(NDATA- (WN-WM IN) /STEP) 

920  WRITE  (1,*)  UP, ERASE,'  FIRST  or  SECOND  Derivative:  (F  or  S)  ?’ 
&BELL, '  _' 

READ  (1,80)  Icode 
CALL  Upper( Icode) 

IF  ( Icode. EQ. 'F')  THEN 
String-' FIRST' 

M-5 

ZJ4-10.0  !  1st  Derivative  Multiplier 

CO  TO  930 
END  IF 

IF  (Icode. NE. 'S' )  CO  TO  920 
String-'SECOND' 

M— 6 

ZJ4-100.0  !  2nd  Derivative  Multiplier 
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1057 

1058 

1059  C 

1060 
1061 
1062 

1063 

1064 

1065 

1066 

1067 

1068 

1069 

1070 

1071 

1072 

1073  C 

1074  C 

1075  C 

1076 

1077 

1078 

1079 

1080 
1081 
1082 

1083 

1084 

1085 

1086 

1087 

1088 
1089 
1C90 
1091 


930  WRITE  (1,*)  UP, ERASE,'  Calculating  '  ,String(l :M) . •  Derivative:' 
&BELL 


DO  970  I-START, FINISH 
DO  940  J-l ,5 
SS(J)-0.0 
940  CONTINUE 

DO  950  K— 1 ,NPTS(L) 

XX-K-XOFF 

YY-DBL£(Y(I+XX*IS)) 
SS(1)-SS(1)+YY 
SS(2)-SS(2)+YY*DBL£(XX) 
SS(3)-SS(3)+YY*DBL£(XX**2) 
SS(4)-SS(4)+YY*DBLE(XX**3) 
SS(5)-SS(5)+YY*DBLE(XX**4) 
950  CONTINUE 


!  Zero  Summations  Array 


!  Segment  Is  (-XX.+XX): 
!  Step  Size  Is  IS*STEP 

!  Calculate  Summations 
!  For  Least  Squares  Fit 
!  Wi thin  Segment : 


Array  CC  Holds  Known  Least  Squares  Coefficients 


960 

970 


980 


990 


IF  ( Icode.EQ. 'F' )  THEN 
YY-CC(L,2)*SS(2)+CC(L.4)*SS(4) 

CO  TO  960 
END  IF 

YY-2.  ODO*(CC(L,3)*SS(1)+CC(L,6)*SS(3)+CC(L,7)*SS(5)  ) 


Z( I )-SNCL(YY)/STEP/F10AT( IS)*ZM 
CONTINUE 

DO  980  1-1 , START-1 
Z( I )—Z( START) 

CONTINUE 

DO  990  I-FINISN+-1  .NDATA 
Z(I)-Z(FINISH) 

CONTINUE 

WRITE  (1,*)  UP, ERASE,'  Derivative 
CALL  Wait (1 .0) 

Dstat-' VALID' 


1  Z(I)  is  Derivative  Spectrum 
!  Rescaled  xl0(F)  or  xl00(S) 

!  Set  First  XX*IS  Points 


!  Set  Last  XX*IS  Points 


FINISHED:  *,BELL,'_’ 


1092  Dtype— Icode 

109’  DERIV-. FALSE. 

1094  CO  TO  500 

1095  C 

1096  C  - - - 

1097  C 

1098  C  Store  Edited  Or  Derivative  Spectrum 

1099  C 

1100  C  - - - 

1101  C 

1102  1000  IF  (Sstat(l) .NE. 'VALID' )  CO  TO  260 

1103  IF  ((Code. EQ. 'D' ) .AND. (Dstat .NE. 'VALID' ))  CO  TO  253 

1104  IF  ( ABS ( WM I N -WAVE (1)).GT.0.2)  THEN 

1105  1010  WRITE  (1,*)  UP, ERASE,'  SCAN  ENDED  AT' ,WAVE(  1 )  , 

1106  &  ’  run  (Expected:  '  ,WMIN, ')  ,  Proceed  (Y  or  N)  ?  \BELL,'_’ 

1107  READ  (1,80)  Icode 

1108  CALL  Upper( Icode) 

1109  IF  (Icode.EQ. 'N' )  CO  TO  70 
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I 

I 


I 


1 


a 


i 

i 

a 

a 


1110  IF  (Icode.NE. *Y’ )  CO  TO  1010 

1111  «-ND  IF 

1112  HEADER-LABEL ( 1 ) 

1113  IF  (COUNT. CT.O)  THEN 

1114  NUMBER-FLOAT (COUNT) 

1115  CALL  S  t  r ( NUMBER , S  t  r I ng , 2 ) 

1116  HEADER-'  SM'  //St  ring(2 : 3)//' //LA2£L(l) 

1117  END  IF 

1118  String-' Edited' 

1119  M-6 

1120  IF  (Code.EQ. 'D')  THEN 

1121  String—’ Deri  vat  I  ve ' 

1122  M-10 

1123  HEADER-Dtype//'D: '//LABEL(l) 

J 124  END  IF 

1125  TITLE-' Store  '//Strlng(l  :M)//'  Spectrum’ 

1126  1020  WRITE  (1,*)  HOME,CLR,'_' 

1127  CALL  C«nt®r (TITLE) 

1128  CALL  Lin«(NCOL) 

1129  WRITE  (1,*) 

1130  WRITE  (1,*)  '  R®s®arch®r ' ’ *  Initials.  (AA-ZZ) :  ' , BELL, 

1131  READ  ( 1 , ' (A2) ' )  INITIALS 

1132  WRITE  (1,*)  DOWN 

1133  WRITE  (1,*)  UP, ERASE, '  Filename,  (16  chars.):  ’,BELL,'_' 

1134  READ  ( 1 , ' (A16) ' )  Fname 

1135  L-16 

1136  DO  WVJILE  (Fname(L:L)  .EQ. '  *) 

1137  L-L-l 

1138  END  DO 

1139  Directory— Fname (1 :L)//' .S'//INITIALS 

1140  Fname-Dl  rectcry(  1 :  L*-4) 

1141  WRITE  (1,*)  DOWN,'  Directory,  (RETURN  -  /DEFAULT/) :  '.BELL, 

1142  READ  ( 1 , ' (A40) ' )  Directory 

1143  IF  (Directory. EQ. '  ')  THEN 

1144  FI lespec-Fnam# 

1145  CO  TO  1030 

1146  END  IF 

1147  K-40 

1148  DO  WHILE  (Di rectory(K.K) . EQ. '  ') 

1149  K— K-l 

1150  END  DO 

1151  IF  (DI rectory(K:K) . EQ. '/' )  JC-K-1 

1152  FI lespec-Di rect  ory( 1 :K)//' / '//Fname 

1153  1030  K-63 

1154  DO  WHILE  (FI lespec(K:K) . EQ. '  ’) 

1155  K-K-l 

1156  END  DO 

1157  WRITE  (1,*)  UP, ERASE, '  Validating:  ' , FI iespec( 1 :K) , '  _' 

1158  OPEN  (UNIT-66, FILE-Fi lespec(l :K) , I OSTAT-N , STATUS-' NEW' ) 

1159  WRITE  (1,*) 

1160  IF  (N.NE.0)  THEN 

1161  N-N-500 

1162  WRITE  (1,*)  UP, ERASE, 


1 
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1163 

1164 

1165 

1166 

1167 

1168 

1169 

1170 

1171 

1172 

1173 

1174 

1175 

1176 

1177 

1178 

1179 

1180 
1181 
1182 

1183 

1184 

1185 

1186 

1187 

1188 

1189 

1190 

1191 

1192 

1193 

1194 

1 195 

1196 

1197 

1198 

1199 

1200 
1201 
1202 

1203 

1204 

1205 

1206 
1207 
1203 
1209 


IF  (N.EQ.2)  WRITE  (1,*)  '  FILE  EXISTS:  \BEU.,,_, 

IF  (N.EQ.8)  WRITE  (1,*)  '  FILE  OPENED:  ’ , BELL, 

CLOSE  (66, IOSTAT-N , ERR-1070) 

CALL  Wa i t ( 2 . 0 ) 

CO  TO  1020 
END  IF 

IF  ( I  code . EQ. ' R' )  CO  TO  1050 
WRITE  (1 ,*)  DOWN, '  Title:' 

WRITE  (1 ,*)  '  ' .HEADER 

WRITE  (1.*)  DOWN,'  Date:  ' , DATE ( 1 ) 

WRITE  (1,*)  DOWN,'  Concentration,  (M) :  ' ,C0NC(1) 

WRITE  (1,*)  DOWN,'  Pathlength,  (cm):  \PATH(1) 

C  - - - 

1050  WRITE  (1,*)  DOWN,'  Storing  File:  '  ,FI  lespec(l :K) .BELL 
WRITE  (66, FMT-140, IOSTAT-N, ERR-1070)  HEADER 
WRITE  (66, FWT-150, IOSTAT-N, ERR-1070)  DATE(l) 

WRITE  ( 66, FNTT-*,  IOSTAT-N,  ERR-1070)  WMIN , WMAX, STEP, CONC( 1 ) , PATH( 1 ) 
WRITE  (66 , FMT-* , IOSTAT-N, ERR-1070)  ORD(l)  ,ABSC(1) ,CELL(1) , 

&CYCLE ( 1 )  ,  SAMPLE ( 1 )  ,  WAVE(l)  ,TIMER(1)  ,TEM?(1)  ,DIST(1) 

WRITE  (66 , FWT-180 , IOSTAT-N , ERR-1070)  NP.NV.NDATA 
WRITE  (66, FMT-190, IOSTAT-N, ERR-1070)  (PARAM(1 , 1) , 1-1 ,NP) 

WRITE  (66.FMT-*, I CSTAT-N, ERR-1070)  (VARIABLES , I ) ,  1-1  ,NV) 

IF  (Code . EQ. 'D' )  THEN 

WRITE  (66, FWT-*, IOSTAT-N, ERR-1070)  (Z(  I ) , 1-1 ,NDATA) 

CO  TO  1060 
END  IF 

WRITE  ( 66, FMT-*. IOSTAT-N, ERR- 1070)  (Y( I ) , t— 1 .NDATA) 

1060  WRITE  ( 66, FMT-*, IOSTAT-N, ERR-1070)  (X(  I ) ,  I— 1 , NDATA) 

CLOSE  (UNIT-66, IOSTAT-N, ERR- 1070, STATUS- 'KEEP') 

IF  (Code . EQ. ' D' )  Datat-’ STORED' 

IF  (Code.EQ. 'S' )  Fstat-' STORED' 

CALL  Wal t (2 . 0) 

CO  TO  MENU 


1070  WRITE  (1,*)  UP, ERASE,'  Disk  Error  #' ,N, BELL, ’  :_' 

WRITE  (1.*)  ' R . . .Resave ,  X...EXIT  to  Menu  ?  ' , BELL, '_' 

READ  (1,80)  I  code 
CALL  Upper(Icode) 

IF  ( ( I  code . NE, ' R' ) . AND. ( I  code . NE. 'X' ) )  CO  TO  1070 
WRITE  (1,*)  UP, ERASE,'  De 1 et I ng  OI d  FI le :  ' ,Fi lespec(l :K) .BELL, 
&'  _' 

CLOSE  (UNIT-66, IOSTAT-N , ERR-1070 , STATUS-' DELETE’ ) 

CALL  Walt (2.0) 

IF  ( I  code . EQ. ' R' )  CO  TO  1020 
Fname— ’  ' 

Fstat-'  ' 

CO  TO  MENU 
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1210  C 


1^1 1 

1212 

1213 

1214 
1213 

- _ - 

C 

C  Store  Curve  Fitting  File 

C 

c  ^ 

1216 

c 

1217 

2000  WRITE  (1,*)  HOME.CLR, '_' 

1218 

T 1 TLE- ' Curve  Fitting  File' 

1219 

CALL  Center (TITLE) 

1220 

CALL  Line(NCOL) 

1221 

WRITE  (1,*)  DOWN,'  Scan  Range:  ' ,WMAX,'  to1 ,WMIN, 

’  run’ ,DOtN, 

1222 

&DOWN 

1223 

2010  WRITE  (1,*)  UP,  ERASE,  *  File  Range:  (MIN, MAX)  ?  '.BELL/,' 

1224 

READ  (1 ,*,ERR-2010)  WN,WX 

1225 

WN-ABS(WN) 

1226 

WX-ABS(WX) 

1227 

CALL  XI imits(WN.WX) 

1228 

IF  ((WN.LT.WMIN) .OR. (WN.CT.WMAX) )  CO  TO  2010 

1229 

IF  ((WX.LT.WMIN) .OR. (WX.CT.WM'X))  CO  TO  2010 

1230 

r  -  _ _ _  _  „ 

1231 

T7-! . 0E7 

1232 

WRITE  (1,*)  DOWN 

1233 

2020  WRITE  (1,*)  UP. ERASE,’  #  Of  Data  Points:  (10-500) 

?  ' .BELL, 

1234 

READ  ( 1 , ' ( I 3 ) ' , ERR-2020 )  NFIT 

1235 

IF  ( (NFIT. LT. 10) .OR. (NFIT. GT. 500))  CO  TO  2020 

1236 

IF  (NFIT.CT.NDATA)  THEN 

1237 

WRITE  (1,+)  UP, ERASE/  File  Has  Insufficient  » 

Of  Points:  ' , 

1238 

&  BELL.V 

1239 

CALL  Wait (2.0) 

1240 

CO  TO  2020 

1241 

END  IF 

1242 

FIRST-T7/WX 

1243 

LAST-T7/WN 

1244 

S PACE-AN I NT ( ( LAST - F I RST) /FLOAT ( NF I T - 1 ) ) 

1245 

2030  LAST-FIRST+FLCAT (NFIT-1 )*SPACE 

1246 

IF  (T7/LAST.LT.WMIN)  THEN 

1247 

SPACE-SPACE-1.0 

1248 

CO  TO  2030 

1249 

END  IF 

1250 

WRITE  (!,*)  UF , ERASE, UP, UP, ERASE, '_' 

1251 

WRITE  (1,*)  '  File  Range:  '.FIRST/  to', LAST,'  at' 

.SPACE, 

1252 

&'  cm-1  steps' .DOWN, DOWN 

1253 

EMULT-1 .0 

1254 

2040  WRITE  (1.*)  UP, ERASE/  Y-scate:  (A. .. Absorbance , 

l 

t 

1255 

&’£. . .Ext.Coeff.)  7  ' , BELL, '_' 

1256 

READ  (1,80)  Icode 

1257 

CALL  Upper (Icode) 

1258 

IF  ( Icode. EQ.'E')  THEN 

1239 

EMULT-1 .0/(CONC(1)*PATH(1>) 

1260 

WRITE  (1,*)  UP, ERASE,'  Ext.Coeff.  vs  cm-1' 

1261 

CO  TO  2050 

1262 

END  IF 
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1263 

1264 

1265 

1266 

1267 

1268 

1269 

1270 

1271 

1272 

1273 

1274 

1275 

1276 

1277 

1278 

1279 

1280 
1281 
1282 
1283 
1 2S4 
1285 
1 2S6 

1287 

1288 

1289 

1290 

1291 

1292 

1293 

1294 

1295 


IF  (Icode.NE. 'A' )  CO  TO  2040 

WRITE  (1,*)  UP .ERASE,'  Absorbance  vs  cm-1' 

C  . - . . . . . 

2050  WRITE  (1 ,*)  DOWN 

IF  (Ymode.EQ. 'T')  THEN 

WRITE  (1,*)  UP, ERASE,'  %T  Data  ->  Absorbance' 
WRITE  (1,*)  DOWN 
END  IF 

2060  WRITE  (1,*)  IV ,  ERASE,  '  Filename:  ?  ’,BELL,'_* 

READ  (1 ,  '  (A20)  ’ )  Fname 

OPEN  (UNIT-66 , FILE-Fname , I OSTAT-N, STATUS-' NEW’ ) 

IF  (N.NE.0)  THEN 
N-N-500 

WRITE  (1.*)  UP, ERASE, 

IF  (N.EQ.2)  WRITE  (1,*)  *  FILE  EXISTS:  '.BELL 
IF  (N.EQ.8)  WRITE  (1.*)  ’  FILE  OPENED:  '.BELL 
CLOSE  (66,1 OSTAT-N , ERR-2999 ) 

CALL  Wa I t ( 2 . C ) 

CO  TO  2060 
END  IF 

WRITE  (1,*)  UP. ERASE,'  Writing  File:  '  , Fname, BELL 
C  - 


DO  1j70  W^FIRST, LAST, SPACE 

WL-AN I NT ( T7 /W/STEP ) *STEP  ! 

I-NINT((WMAX-WL)/STEP)+1  ! 

Xv*l-T7/X(I)  ! 

IF  (Ymode.EQ. 'A* )  THEN 

Yva 1 — Y ( I ) *EMULT  ! 

ELSE 

Yva 1 -ALOG 1 0 ( 1 00 . 0/Y ( 1 ) ) *EMULT 
END  IF 

WRITE  (66,*)  Xva 1 , Yva I 
2070  CONTINUE 


Nearest  Wavelength 
Index  Value 
Nearest  Wavenumber 

Absorbance/Ext . Coeff . 


1296  C  - 

1297  CLOSE  (66, I OSTAT-N. EPR-2999, STATUS- 'KEEP' ) 

1298  Cstat-' STORED’ 

1299  CO  TO  MENU 

1300  C  - 

1301  2999  WRITE  (l,*)  '  Disk  Error  #'  ,N 

1302  CALL  Wai t (2 . 0) 

1303  Cstat-’ INVALID' 

1304  CO  TO  MENU 


Value 


1305  C 

1306  C 

1307  C 

1308  C 

1309  C 

1310  C 

1311  C 

1312 

1313 

1314 

1315 


Exit  Program 


9999  IF  ((Sstat .EQ. 'VALID' ) .AND. (Fstat .NE. 'STORED'))  THEN 
WRITE  (1 ,*)  UP, ERASE, '_' 

WRITE  (1,*)  '  Spectrum  NOT  STORED:  Exit,  (Y  or  N)  ?  ' , BELL, ' 
READ  (1,80)  {code 
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1316  CALL  Upper(Icode) 

1317  IF  (Icode.EQ. ’N’)  CO  TO  70 

1318  IF  ( I  cod® . NE. 'Y* )  CO  TO  9999 

1319  END  IF 

1320  WRITE  (1,*)  UP, ERASE, UP 

1321  STOP 

1322  END 

1323  C 

1324  C  w**y*»**-»***w**w****  END  OF  MAIN  PROCRAM  ***** »'«*-*****-*•****-»**** 

1325  C 

1325  C  Print  a  TITLE  Centered  In  72  columns 

1327  C 

1523  C  *th»** **HHe*****a » **** i * ****** ****** »******■«-»***★-**•** ************* 

1329  C 

1350  SUBROUTINE  Center (TITLE) 

1331  iTTiXES  I.J.N 

13  32  CHARACTER  T 1  TLE*72  ,  RLANK*36 

1333  BLANK-’ 

1334  r— 7  2 

1333  J-0 

1336  DO  WHILE  (TITLES,  I :  I ) .  EQ. '  ') 

1337 

1338  1-72-J 

1339  END  DC 

1340  N-J/2 

1341  WRITE  (1.*)  BLANK (1 :N) ,TITLE(1 : 1) 

1342  RETURN 

1343  END 

1344  C 

1343  C  . . 

1346  C 

1347  C  Print  a  Una  of  N  character*  (72  column*  max) 

1348  C 

1349  C  . . 

1330  C 

1331  SUBROUTINE  Llne(N) 

1332  1NTECER  I.N 

1333  CHARACTER  8LANK*72, DLINE*72 , SPACE*36 

1354  SPACE-’ 

1353  BLANK-SPACE//SPACE 

1356  SPACE-’ . - . . . ’ 

1357  DL I NE-S PACE// SPACE 

1338  IF  fN.CT.72)  N-72 

1339  1— ( 72-N)/2 

1360  WRITE  (1.*)  BLANK (1:!),DLINE(1:N) 

1361  RETURN 

1362  END 


1363  C 

1364  C 

1365  C 

1366  C 

1367  r 
1 3i>8  C 

1369  C 

1370 

1371 

1372 

1373 
137* 

1375 

1376 

1377 

1378 
13  79 

1380  C 

1381  C 
1  382  C 
1  383  C 
1  184  C 

385  C 

1386  C 

1387 
1383 

1389 

1390 

1391 

1392 

1393 

1394 

1  39  5  C 
1396  C 
1.397  C 
13  >8  C 
1  399  C 

1400  C 

1401  C 
U02 

1  403 
1  404 
1  405 
1  406 

1407 

1408 

1409 

1410 

1411 


Validate  Abscissa  Limit: 


SUBROUTINE  XT  iai t s (Mi N , MAX) 
REAL  MIN, MAX .SWA? 
MIN-ABS(MIN) 

MAX- ABS  ( MAX ) 

IF  (MIN. LT. MAX)  CO  TO  10 
SWAP— MI N 
MIN-MAX 
MAX-SWAP 
10  RETURN 
END 


Validata  Ordinate  Limits 


SUBROUTINE  Y! lml ts(MIN.MAX) 
REAL  MIN ,MAX, SWAP 
IF  (MIN. LT  MAX)  CO  TO  10 
SWAP-MIN 
MIN-MAX 
MAX-SWAP 
10  RETURN 
END 


Convert  String  Entry  To  Upper  Case  If  Required 


SUBROUTINE  Upper (Code) 

INTEGER  LENSTR.N 
CHARACTER* ( * )  Code 
LENSTR-LEN ( Code ) 

DO  10  l-l , l£NSTR 
N- 1  CHAR ( Code ( I . I ) ) 

IF  (N.  CT. 96)  Code(  I  ;  I  )-OlAR(N-32) 
10  CONTINUE 
RETURN 
END 
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1412  C 

1413  C 

1414  C 

1415  C 

1416  C 

1417  C 

1418  C 

1419 

1420 

1421 
t422 

1423 

1424 

1425 

1426 

1427 

1428  C 

1429 

1430 

1431 

1432 

1433 

1434 

1435 

1436 

1437 

1438  C 

1439  C 

1440 

1441 

1442 

1443 

1444 

1445 

1446 

1447 
1443 

1449 

1450 

1451 

1452 

1453 

1454 

1455 

1456 

1457 

1458 

1459 

1460 

1461 

1462 

1463 


Convert  ASCII  String  To  Numeric  Value  (10  Digits  Max'm) 


SUBROUTINE  Va 1 (St r i ng , VALUE) 

INTECER  DECPT , EXPON , LENSTR , M,N ,NUM( 12) , EX( 3) 

REAL  VALUE 

DOUBLE  PRECISION  ES ICN , MULT, S ICN , TEN , DECIMAL 

CHARACTER  A*c I i 

CHARACTER* ( * )  String 

LOCI  CAL  EXPONENT, INTEGER , TEST 

EXPONENT-. FALSE. 

I NTECER- . TRUE . 

TEST-. FALSE. 

J-l 

K-0 

M-0 

DECPT -0 

ESICN-1 .0 

SICN-1 .0 

TEN-10.0 

DECIMAL-0.0 

LENSTR-LEN(Strlng) 

IF  (TEST)  WRITE  (1.*)  *  String  Number  -  1 , String 
IF  (TEST)  WRITE  (1,*)  ’  String  Length  -' , LENSTR 
DO  100  1-1, LENSTR 
Aac i  I -Scrlngd  :  I) 

N— ICHAR(A*cl 1) 

IF  (N.EQ. 69)  THEN 
EXPONENT-. TRUE. 

IPOS- l 
CO  TO  100 
END  IF 

IF  (EXPONENT)  CO  TO  30 

IF  ( (N.CE.48) .AND. (N.LE.57))  CO  TO  20 

IF  (N.EQ. 46)  INTEGER-. FALSE. 

IF  (N.EQ. 46)  DECPT-K 
IF  (N.FQ.45)  SICN— I  .0 
CO  TO  100 
20  NUW(J)-N-48 
K-J 
J-J  +  l 
CO  TO  100 

30  IF  (N.EQ. 45)  ESICN— 1.0 

IF  ((N.LT.48) ,OR. (N.CT.57))  CO  TO  100 

EX( I -I POS)-N-48 

M-AHl 

100  CONTINUE 

IF  ( (DECPT. EQ.0). AND. (INTECER))  DECPT-K 
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1464  DO  200  J-l.K  | 

1465  EXPON-DECPT - J 

1 466  MULT-TEN **EXPON  m 

1467  DEC  I MAL-DEC 1  MAL+N UM ( J ) *MULT  1 

1468  200  CONTINUE  " 

1469  DEC 1 MAL-S I CN*DEC 1 MAL 

1470  MULT-0.0  I 

1471  IF  (ES1GN.EQ. -1 .0)  M-M+l  ■ 

1472  DO  300  I— 1 ,M 

1473  MULT-MULT+DBL£(EX(I))*TEN**(M-I)  fl 

1474  300  CONTINUE  g 

1475  VALUE-DEC  IMAL*TEN**(ES  I  Qi*MULT) 

1476  C  IF  (TEST)  *TCITE  (1,*)  '  Valu«  .VALUE  . 

1477  RETURN  I 

1478  END  * 

I 

I 
I 
I 
I 
I 
I 
I 
I 
I 
1 
3 
I 
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1479  C 

1480  C 

1481  C 
1-32  C 
1403  C 

1484  C 

1485  C 

1486 

1487 

1488 

1489 

1490 

1491 

1492 

1493  C 

1494 

1495 

1496 

1497 

1498 

1499  C 

1500 

1501 

1502 

1503 

1504 

1505 

1506 

1507 

1508  C 

1509 

1510 

1511 

1512 

1513 

1514 

1515 

1516 

1517 

1518  C 

1519  C 

1520 

1521  C 

1522 

1523 

1524 

1525 

1526 

1527 

1528 

1529 

1530 

1531 


Convert  Number  To  ASCII  String 


SUBROUTINE  S t r (VALUE , St r i ng , PREC) 

I NTECER  ASCII, DECPT , I , J , LENSTR , ND I C I T , NUMBER , PREC 
REAL  VALUE 

DOUBLE  PRECISION  DEC I MAL , FRACT I ON , TEN 
CHARACTER  Concat*14  ,  Di  gi  t  ( 12) ,  S  l  gn ,  St  r  I r.g*14 
LOGICAL  INTECER.TEST 
INTEGER-. TRUE. 

TEST-. FALSE. 

DECPT— 0 
J-0 

TEN-10.0 
Sign-1  ' 

Concat-'  ' 

IF  (TEST)  WRITE  (1,*)  '  Value  Entered  -  ' .VALUE 
IF  (VALUE.LT. 0.0)  Sign-'-* 

IF  (VALUE. EQ. 0.0)  GO  TO  100 
DEC 1 MAL-A3S (VALUE ) 

DO  WHILE  (DECIMAL. CE. 1.0) 

DEC I MAL-DEC I MAL/TEN 
J-J+l 
END  DO 
DECPT- J 

IF  (TEST)  WRITE  (1,*)  ’  »  of  Whole  Digits:  • .DECPT 
IF  ( DECPT . EQ . 0 )  CO  TO  30 
DO  20  J-l .DECPT 

DEC  1 MAL-DEC I MAL *TEN 
NUMBER- 1  NT ( DEC I MAL ) 

ASCI  I -NUMBER +48 
Digit (J)-CHAR(ASCl I) 

FRACTION-DECIMAL-NUMBER 

DEC I MAL-D I NT ( FRACT I ON*TEN** ( PREC - J )  + .  5 ) /TEN** ( PREC- J ) 
20  CONTINUE 

IF  ( .NOT. TEST)  CO  TO  30 

WRITE  (I,*)  ’  The  Whole  Digits  -  ’.(Dfgit(I).  I -l. DECPT) 
30  J- DECPT 

IF  (TEST)  WRITE  (1.*)  '  Decimal  Fraction  -  DECIMAL 
IF  (DECIMAL. NE. 0.0)  INTECER-. FALSE. 

IF  ( DECPT. CE. 12)  CO  TO  40 
DO  WHILE  (DECIMAL. NE. 0.0) 

J-J+l 

DEC 1 MAL-DEC I MAL*TEN 
NUMBER- I NT (DEC I MAL) 

ASCI  I  — NUMBER+48 
DI  g 1 1 ( J )— CHAR  (ASCI  I ) 

FRACT l ON-DEC I MAL-NUMBER 

DEC I MAL-0 1  NT ( FRACT  1 ON*TEN*+ ( PREC- J ) + . 5 ) /TEN** ( PREC - J ) 
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IF  (DECIMAL. EQ. 1.0)  THEN 
D I C I T ( J ) —CHAR ( ASC 1 1  + 1 ) 

DECIMAL-0.0 
END  IF 

IF  (J.CE.12)  DECIMAL-0.0 
END  DO 
40  ND1CIT-J 

IF  (.NOT. TEST)  CO  TO  50 
WRITE  (1,*)  *  Tha  Characters  -  '.(Dlgltd),  I-l.NDICIT) 
50  IF  (NDICIT.CT. 12)  CO  TO  200 
DO  60  I— 1 , NDIGIT 

Concatd  :  I)-Digit(l) 

60  CONTINUE 

IF  (INTEGER)  CO  TO  80 
IF  (DECPT.EQ.0)  CO  TO  70 

S  t  r  1 ng-S i gn//Concat ( 1 : DECPT)//' . ’ //Co neat (DECPT+1 : 1 4 ) 
RETURN 

70  String-Sign//' . ’//Concat 
RETURN 

80  Strlng-SIgn//Concat 
RETURN 

100  String-'  0.0' 

RETURN 

200  WRITE  (1,*)  *  Error  In  data:  (too  many  digits)' 

STOP 
END 


Error  In  data:  (too  many  digits)' 
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1558  C 

1559  C  . . . — 

1560  C 

1561  C  Wait  Specified  Delay  (sec) 

1562  C 

1563  C  . — . . . . 

1564  C 

1565  SUBROUTINE  Wait (DELAY) 

1566  REAL  DELAY, PER I OD.Tzero, Time 

1567  PERIOD-0 . 0 

1568  Tzero-Time( I ) 

1569  DO  WHILE  (PERIOD. LT. DELAY) 

1570  PER  I OD-T i me ( I )-Tzero 

1571  END  DO 

1572  RETURN 

1573  END 

1574  C 

1575  C  . - . - . - . - . 

1576  C 

1577  C  Read  Time  (sec)  from  the  HP  1000' s  RTE-6  Operating  System 

1578  C 

1579  C  Note:  I  is  a  dummy  argument,  no  values  are  passed 

1580  C 

1581  C  . - . 

1582  C 

1583  REAL  FUNCTION  Time(I) 

1584  INTEGER  ICODE, ITIME(5) 

1585  I  CODE-11 

1586  CALL  EXEC( ICODE, IT IME) 

1587  T I  me— FLOAT (ITIME(1))/100. 0+FLOAT ( ITIME(2) )+FLOAT ( ITIME( 3) )*60 . 0 

1588  &+ FLOAT ( ITIME(4) )*3600 . 0 

1589  RETURN 

1590  END 
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Appendix  I 

Sample  Smoothed  Spectra 
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Noisy  Diffuse  Reflectance  Spectrum 
Smoothed  With  25  Point  Fit.  200  nm  Range 


Appendix  II 

Sample  Derivative  Spectra 
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Second  Derivative,  7  Point  Fit,  3  nm  Segments,  No  Smoothing 
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19.  ABSTRACTS  (Continued) 

ordinate  and  abscissa  inodes  of  choice.  TLOTSPEC  offers  abscissa  choices  of  Wavelength  (nm) 
or  Wavenumbeis  x  10“3  and  ordinate  choices  of  Absorbance,  Extinction  Coefficient,  % 
Reflectance  or  %  Transmission.  Annotation  and  digitizing  facilities  are  also  included  for  easy 
labelling  and  peak  determinations. 
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PLOTSPEC 

A  FORTRAN  77  Program  For  Plotting  Spectral  Data  From 
The  Varian  CARY  2390  UV-VIS-NIR  Spectrophotometer 


INTRODUCTION 


Spectral  data  acquisition  from  the  CARY  2300  and  2400  series  spectrophotometers  has 
been  implemented  successfully  using  a  Hewlett-Packard  1000  minicomputer  system  using  the 
FORTRAN  77  program  CARYSPEC,  which  is  described  in  a  separate  report.  The  ability  to 
acquire  high  quality  UV-VIS-NIR  spectra  must  be  complemented  with  flexible  data  analysis 
and  plotting  software  to  make  full  use  of  the  spectroscopic  data.  This  report  de.  .ribes  a  fully 
tested  FORTRAN  77  program  PLOTSPEC  which  fulfills  the  plotting  requirements  of  most 
users  in  a  simple  to  use  menu  driven  environment.  The  program  supports  Absorbance, 
Extinction  Coefficient,  %  Transmission  and  %  Reflectance  ordinates  vr  linear  Wavelength  (nm) 
or  Energy  (cm-1)  abscissa.  Automatic  data  rescaling  is  provided  between  Absorbance  units  and 
%  Transmission  so  that  either  type  of  data  file  from  CARYSPEC  may  be  plotted  in  the 
ordinate  of  choice.  PLOTSPEC  supports  two  concurrent  spectra,  of  up  to  10001  data  points 
each,  allowing  difference  spectra  to  be  obtained  with  automatic  scaling  for  differences  in 
concentration  and  pathlength.  This  mode  is  only  valid  for  Absorbance  of  Extinction  Coefficient 
ordinate  choices  and  %  Transmission  data  files  will  be  automatically  reserved  before  plotting. 
Data  treatment  in  the  %  Reflectance  mode  is  identical  to  %  Transmission  with  only  the 
plotting  label  altered  to  match  the  use  of  this  measurement  technique.  The  abscissa  axis 
scaling  is  bidirectional  to  suit  individual  preferences  for  the  direction  of  increasing  wavelength 
or  energy  units. 


PLOTSPEC  has  been  developed  for  use  with  an  HP  1000  minicompf'er  system  running 
the  RTE-b/VM  operating  system  and  Cl  shell.  In  this  environment  the  program  communicates 
with  Hewlett-Packard  model  9872A  and  7550A  digital  plotters  via  the  IEEE-488  and  RS-232C 
I/O  subsytems,  respectively.  These  communication  functions  are  transparent  to  high  level 
languages  on  the  HP  1000  enabling  simple  READ/WRITE  statements  from  FORTRAN  to 
control  the  external  plotting  operations.  The  program  resides  in  a  single  32K  word  memory 
segment  and  utilizes  79  pages  of  Extended  Memory  Addressing  (EMA)  memory  for  the  large 
data  arrays.  Since  PLOTSPEC  makes  use  of  very  few  special  features  of  the  HP  1000 
computer  system  the  program  could  be  modified  easily  to  run  on  other  host  systems 
supporting  the  FORTRAN  77  language  and  either  the  IEEE-488  or  RS-232C  interface 
standards. 

M«Hi»cnp»  »pproved  Au(uu  9.  I9M. 
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IMPLEMENTATION 


1.0  Hardware  Interface: 

The  IEEE-488  interface  for  the  HP  1000  system  is  implemented  with  an  HP  5931  OB 
interface  card  which  utilizes  4  Logical  Unit  (LU)  addresses  in  the  system.  The  LU  addresses 
used  within  the  program  are  system  dependent  and  are  defined  during  the  system  generation. 
The  interface  card  accessed  by  PLOTSPEC  occupies  LU  addresses  31-34,  corresponding  to 
card  addresses  0-3.  Address  0  enables  a  special  addressing  mode  for  sending  low  level  bus 
command  sequences.  Addresses  1-3  are  predefined  automatic  READ/ WRITE  channels  which 
select  device  numbers  1-3  on  the  bus.  PLOTSPEC  uses  LU  33  to  automatically  address  device 
«2  on  the  bus  (HP  9872A  plotter).  To  simplify  alterations  to  the  plotter  address  the  program 
uses  the  INTEGER  variable  PU  for  the  unit  number  in  all  READ/WRITE  operations  with  the 
plotter. 

The  RS-232C  interface  to  the  HP  7350A  plotter  is  implemented  via  a  standard  HP  1000 
8  channel  multiplexer  card  (MUX)  operating  at  9600  baud  with  8  data  bits  and  XON/XOFF 
software  handshaldng  protocol.  PLOTSPEC  does  not  send  device  control  commands  to  set 
these  communications  parameters  within  the  HP  7550A  since  these  are  easy  to  select  from  the 
front  panel  control  of  the  plotter.  In  this  application  thu  HP  7550A  plotter  is  operated  in  the 
STANDALONE  mode  with  DIRECT  connection  to  the  MUX  output  of  the  HP  1000. 


1.1  System  Handshaking: 

The  IEEE-488  subsystem  of  the  HP  1000  is  operated  by  the  RTE  driver  DVA37 
configured  for  ASCII  Data  Record  mode,  enabling  automatic  ASCII  NUMERIC  conversion 
on  I/O.  This  mode  sends  and  expects  to  receive  an  End  Of  Record  (EOR)  with  data 
transmission  in  the  form  of  a  Carriage  Retum/Line  Feed  (CR/LF)  sequence  which  matches  the 
requirements  of  Hewlett-Packard  digital  plotters. 

The  RS-232C  subsystem  is  operated  by  the  RTE  driver  DDVOO  which  also  performs 
automatic  ASCII  NUMERIC  conversions  for  FORTRAN  I/O  statements.  This  allows 

PLOTSPEC  to  control  either  plotter  without  regard  for  differences  in  the  handshaking 
protocols.  Character  labelling  mode  on  these  plotters  requires  a  special  terminator  character 
and  PLOTSPEC  issues  the  default  Etx  character,  ASCII  3. 
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1.2  HP-GL  Software  Control  Of  HP  Plotters: 


PLOTSPEC  uses  a  subset  of  the  Hewlett-Packard  Graphics  Language  (HP-GL)  to  control 
the  operations  of  the  HP  9872A  and  HP  7550A  digital  plotters.  The  early  generation  of  HP 
plotters  often  only  allow  scaling  and  plotting  commands  to  use  integer  units  which  restricts  the 
utility  of  the  automatic  scaling  command  'SC'  in  these  plotters.  This  lack  of  utility  is  so 
severe  that  the  operating  manual  for  the  HP  9872A  plotter  does  not  even  document  the 
existence  of  the  'SC*  command  in  the  HP-GL  syntax.  However.  PLOTSPEC  utilizes  a  general 
scaling  procedure  with  the  'SC'  command  which  functions  on  all  models  of  HP  plotters, 
maintaining  a  0-10000  unit  scale  on  each  axis  at  all  times.  The  'SC'  command  has  the 
advantage  of  automatically  mapping  these  user  units  onto  the  scaling  points  PI  (lower  left) 
and  P2  (upper  right).  In  order  to  map  the  real  user  units  onto  this  10000  x  10000  unit  grid 

the  program  only  needs  to  use  a  multiplier  (XMULT.YMULT)  for  the  data  on  each  axis.  For 

example,  a  %  Transmission  range  of  0-100%  would  require  YMULT  =  100  for  correct  scaling 
of  the  user’s  data.  This  technique  maintains  software  resolution  at  1  in  10000  units  regardless 
of  the  range  of  the  user's  MIN, MAX  values. 

PLOTSPEC  also  supports  bidirectional  plotting  on  the  X-axis  even  though  the  'oC' 

scaling  command  of  early  HP  plotters  does  not  permit  setting  Xmin  >  Xmax,  i.e.  numbers 

increasing  towards  the  left.  In  order  to  accomplish  this  task  in  a  general  manner  the  program 

uses  two  Xmin, Xmax  ranges,  0  -  >10000  (increasing  to  the  right)  and  -10000  -  0  (increasing 
to  the  left).  The  change  in  sign  has  the  effect  of  reversing  the  direction  of  plotting.  This 
scheme  is  known  to  work  on  HP  9872A,  7225A,  7470A,  7475A  and  7550A  model  plotters. 

The  HP-GL  commands  used  within  PLOTSPEC  are  summarized  below  together  with  their 
syntax  and  parameter  types.  The  type  labels  LNTEGER  and  DECIMAL  should  be  interpreted 
as  their  ASCII  representations.  AH  data  sent  to  or  received  from  the  plotters  is  in  ASCII 

code.  Therefore,  where  the  command  syntax  below  indicates  a  program  variable,  a  parameter 
value  enclosed  within  literal  string  delimiters  is  equally  applicable.  The  HP  1000  computer 
system  performs  the  conversion  between  numeric  and  ASCII  representations  automatically  on 
I/O  operations  allowing  liberal  mixtures  of  literal  string  and  numeric  variables  to  appear  in 
HP-GL  instructions,  with  a  few  exceptions.  For  example,  the  character  plot  instruction  'CP' 
fails  on  receipt  of  the  value  0.0  from  a  program  variable  but  happily  accepts  the  literal  '0.0'. 
Where  HP-GL  commands  are  known  fail  to  function  correctly  for  valid  rangts  of  parameters 

PLOTSPEC  first  converts  the  values  to  their  string  representation  before  sending  them  to  the 

plotters. 


\ 
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1.3  HP-GL  Commands  Summary: 


’AP’  Automatic  Pen  Pickup 

Syntax  =  'AP;' 

’CP’  Character  Plot...moves  the  pen  in  units  of  character  width,  height 
Syntax  =  'CP'.X.'.'Y.V 
DECIMAL  X,Y 

’DF’  Default  Settings.. .sets  the  plotter  to  default  parameters 

Syntax  »  'DF;' 

’DI’  Direction.,  jets  the  labeling  direction 

Syntax  -  'DP,X,\\Y,’;'  where  X.Y  «  cos(0),sin (S) 

DECIMAL  X.Y  DEFAULT  =  1.0 

’IP’  Input  P1,P2  Scaling  Points..jets  the  size  of  the  plot 
Syntax  -  'IP\X1  .\\Y1  ,V,X2,\\Y2.V 
where  (Xl.Yl)  *  lower  left  scaling  coordinate  (plotter  units) 
where  (X2.Y2)  *  upper  right  scaling  coordinate  (plotter  units) 

INTEGER  Xl.Yl.X2.Y2 

’IW’  Input  Window.,  jets  the  size  of  the  plotting  window 

Syntax  *  'IW'.Xl ,y,Yl  ,V.X2,',\Y2,’;* 

where  (Xl.Yl)  *  lower  left  soft  clip  coordinate  (plotter  units) 
where  (X2.Y2)  ■  upper  right  soft  clip  coordinate  (plotter  units) 

INTEGER  X1.Y1.X2.Y2 

’LB’  Label. ..draws  the  following  literal  characters 

Syntax  *  'LB', string, Etx  where  Etx  *  CHAR(3)  terminates  LB 

ASCII  string 

’LT’  Line  Type.. .solid  or  broken  lines  styles 

Syntax  ■  'LT'.PN.'.'.PL,';*  where  PN  ■  Pattern  number  (1-6) 

INTEGER  PN,  DECIMAL  PL  where  PL  ■  Pattern  length  (0-100%) 
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’OA’  Output  Actual  Pen  Position... sends  the  current  coordinate  position 
Syntax  =  'OA;*  followed  by  READ  (...)  X,Y,Z 
where  (X,Y)  =  current  position  (plotter  units) 
where  Z  =  0  or  1  for  pen  status  (up/down) 

INTEGER  X, Y,Z 

’OP’  Output  Scaling  Points  PI, P2... sends  the  coordinates  of  plot  limits 
Syntax  =  'OP;'  followed  by  READ  (...)  X1.Y1.X2.Y2 
where  (X1,Y1)  =  lower  left  scaling  point 
where  (X2,Y2)  =  upper  right  scaling  point 
INTEGER  XI  ,Y1  ,X2,Y2 

’PA’  Plot  Absolute.. .moves  the  pen  to  an  absolute  coordinate 

Syntax  =  'PA\X,\\Y,';’  where  X,Y  =  coordinates  (plotter  units) 

HP  9372A:  INTEGER  X.Y 

HP  7550A:  INTEGER  X.Y  or  DECIMAL  X.Y  if  user  scaling  is  on 

’PD’  Pen  Down.. .sets  the  pen  on  the  plotting  surface 

Syntax  =  'PD;' 

’PU’  Pen  Up...piclcs  up  the  pen  from  the  plotting  surface 

Syntax  =  'PU;* 

’SC’  Scale  Plot. ..maps  user  units  for  X.Y  axes  onto  I  i,P2  scaling  points 
Syntax  =  'SC'. XI  ,\',X2.\\Y1  ,'.',Y2,';' 
where  (XI, Yl)  =  coordinate  of  scaling  point  PI  (user  units) 
where  (X2,Y2)  =  coordinate  of  scaling  point  P2  (user  units) 

HP  9872A:  INTEGER  X1,Y1,X2,Y2 
HP  7550A:  DECIMAL  X1,Y1,X2,Y2 

’SR’  Size  Relative. ..sets  the  character  size  in  proportion  to  axes  scaling 

Syntax  -  ’SR', WIDTH,',', HEIGHT,*;' 

DECIMAL  WIDTH, HEIGHT 
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’SP’  Select  Pen...picks  up  the  pen  from  selected  stall  or  carousel  position 

Syntax  =  'SP\X,';’  where  X  =  pen  number  (0-8) 

INTEGER  X 

TL’  Tick  Length...sets  the  length  of  positive  tick  marks  for  axes 

Syntax  =  TL'.X,';'  wh.re  X  =  %  of  full  scale  ,3-100) 

DECIMAL  X 

’VS’  Velocity  Select....sets  the  pen  down  speed 

Syntax  =  'VS'.X,';*  where  X  =  velocity  (cm/sec) 

INTEGER  X 

’XT’  X-tick...draws  a  vertical  tick  mark  at  the  current  pen  position 

Syntax  *  'XT;* 

’YT’  Y-tick... draws  a  horizontal  tick  mark  at  the  current  pen  position 

Syntax  »  'YT;* 


1.4  Default  Plotting  Parameters: 

PLOTSPEC  initialize*  the  HP  plotters  using  the  *DF'  default  parameters  command  and 
tnen  sets  up  the  following  plotting  style: 

LABELS  The  initial  label  direction  is  set  to  horizontal  with  nominal  character  fields  of 
1  x  2  cm  and  the  size  relative  option  is  selected. 

PEN  Pen  #1  is  selected  with  automatic  pen  pickup  and  set  to  the  UP  state.  The 

pen  down  velocity  is  set  to  5  cm/sec  for  best  line  quality  with  felt  tip  pens 
on  graphics  paper. 

SCALE  Initial  scaling  coordinates  for  the  HP  9872A  plotter  are  (1350.1000)  and 

(8500,7000)  corresponding  to  the  NOTEBOOK  size  plot  on  A-size  paper 
while  the  plotting  window  is  set  to  the  hard  clip  limits. 

TICKS  Tick  marks  are  set  to  *\%  of  full  scale. 
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2.0  Purpose  Of  PLOTSPEC: 


This  program  is  intended  to  provide  a  flexible  plotting  facility  for  spectral  data  acquired 
from  the  Cary  2390  spectrophotometer  using  the  program  CARYSPEC,  which  is  described  in  a 
separate  report.  The  HP  1000  computer  system  provides  a  large  EMA  area  to  hold  data 
arrays  and  PLOTSPEC  makes  use  of  this  feature  to  access  two  concurrent  spectra  of  up  to 
10001  points  each.  This  allow  for  difference  spectra  to  be  plotted  with  relative  ease  compared 
with  the  experimental  difficulties  incurred  with  real  time  subtraction.  While  the  raw  data  from 
the  spectrophotometer  consists  of  Absorbance  or  %  Transmission  measurements  vs  Wavelength 
(nm),  PLOTSPEC  allows  for  presentation  of  the  data  in  more  meaningful  units  as  well.  The 
abscissa  may  be  scaled  in  Wavelength  (nm)  or  Wavenumbers  x  1Q~3  with  increasing  values 
towards  the  left  or  right.  The  ordinate  may  be  presented  in  Absorbance,  Extinction  Coefficient 
(Molar  Absorptivity),  %  Transmission  or  %  Reflectance.  PLOTSPEC  automatically  rescales  the 
original  ordinate  data  to  match  the  choice  of  plotting  ordinate.  Furthermore,  automatic  range, 
tick  and  label  position  selection  is  provided  for  fast  and  efficient  setup  of  «.  neat  and  tidy 
plot.  However,  the  user  can  easily  alter  the  default  selections  in  the  menu  driven  plotting 
environment. 

PLOTSPEC  also  provides  some  useful  annotation  facilities  for  documenting  the  plot  and 
for  producing  presentation  material.  A  digitizing  routine  is  interwoven  with  the  annotation 
commands  to  enable  semi-automatic  labelling  of  peak  maxima  with  the  ease  of  a  point  and 
shoot  technique.  More  accurate  determinations  of  peak  maxima  'can  also  be  made  using  a 
page  scrolling  data  listing  routine,  though  the  digitizing  facility  seems  to  be  perfectly  adequate 
in  most  cases.  The  default  plotting  moce  produces  a  small  NOTEBOOK  size  plot  on  A-size 
paper,  together  with  a  list  of  spectral  parameters  for  documentation  purposes.  A  FULL  size 
plotting  mode  can  also  be  selected  to  produce  a  larger  plot  on  A-size  paper  without  a 
parameter  list.  Both  modes  include  sufficient  space  for  a  centered  title  over  the  plot. 
Additionally,  the  program  provides  a  USER  SET  plotting  size  with  default  boundaries  suited 
for  a  full  size  plot  on  B-size  paper.  This  mode  is  ideal  for  producing  poster  presentation 
material.  PLOTSPEC  supports  output  to  two  generic  types  of  Hewlett-Packard  digital  plotters, 
the  older  HP  9872A  and  the  more  recent  HP  7550A  model.  However,  PLOTSPEC  is  designed 
to  function  with  all  generations  of  HP  plotters  with  only  minor  differences  in  the  position  of 
the  plotting  origin. 
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2.1  Program  Structure: 


PLOTSPEC  comprises  a  large  main  program  unit  containing  the  console  menu  displays, 
string  data  for  the  instrument  settings  variables  and  a  number  of  subroutines  that  perform 
string  processing,  input  validation  and  communication  with  the  HP  9872 A  and  HP  7550 A 
digital  plotters.  The  main  program  unit  is  responsible  for  all  the  logic  flow  and  the 
subroutines  execute  specific  support  tasks,  which  are  summarized  below: 

The  main  program  unit  of  PLOTSPEC  comprises  6  distinct  segments  of  code  to  carry 
out  the  the  functions  of  disk  file  data  retrieval,  instrument  settings  display,  plotting  mode 
setup  and  actual  plotting  operations.  The  code  fragments  appear  under  the  following  assigned 
labels:  MENU.  READ.  SETTINGS,  DIFF,  PLOT  and  EXIT. 

MAIN  PROGRAM 

MENU: 

This  is  the  first  and  main  control  menu  of  the  program,  selecting  entry  to  the  data 

retrieval,  instrument  settings,  plotting  mode  and  exit  routines.  The  choices  are  as  follows: 

’Rl’ . Read  Spectrum  #1 

This  command  branches  to  label  READ  and  the  program  performs  logical  tests  for 
the  presence  of  a  valid  spectrum  in  memory  before  allowing  previous  data  to  be 
overwritten  by  a  new  file.  The  data  file  format  is  listed  below  in  Table  I.  Fil-s 
are  read  into  the  first  dimension  of  the  dau  ar.ays  and  may  be  plotted  using  tnv. 
'PI'  command. 

’R2’  . Read  Spectrum  #2 

This  command  perform*  the  same  operiticn  as  ‘Rl  ’  but  the  file  is  read  into  the 
second  dimension  of  the  dau  arrays.  The  second  spectrum  can  be  plotted 
independently  of  the  first  or  used  for  difference  spectroscopy. 

MS’  . Instrument  Settings 

Thu  option  branches  to  label  SETTINGS  and  prompts  for  the  number  of  the 
spectrum.  Thu  routine  allow*  for  display  of  the  most  important  operating  conditions 
■>(  the  Cary  2390  spectrophotometer  during  acquisition  of  the  selected  spectrum. 
This  provide*  an  on-line  reference  when  comparing  a  number  of  spectra. 
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’PS*  . Plotter  Selection 

This  option  allows  Lhs  user  to  select  either  the  HP  9S"'2A  (default)  or  HP  ~55GA 

plotter  as  the  output  device.  Digitizing  is  more  convenient  with  the  older  HP 

9872A  plotter  but  output  quality  and  plotting  speed  are  much  improved  with  the 
HP  '55C.A. 

’PI’  . Plot  bDectruin  ffl 

Selection  of  this  command  branches  to  Label  PLOT  which  performs  a  check  for  the 
preset  :e  of  a  valid  file  in  memory.  The  routine  then  starts  the  plotting  mode 
setup  for  the  first  spectrum  with  selection  of  the  abscissa  and  ordinate  scaling 
modes.  The  user  has  a  choice  of  Nanometres  and  Wavenumbers  for  the  abscissa 

and  a  choice  of  A3.SOfl3A.VCf ,  Eittnction  Coef  f  icient.  %  Transmission  and  °i> 
Reflectance  for  the  ordinate.  The  program  then  proceeds  to  scale  the  data  and  set 
default  plotter  operaung  modes  before  presenting  a  menu  of  plotting  options.  The 

or, final  data  file  may  have  been  recorded  in  either  Absorbance  or  %  Transmission 
units  so  the  data  wall  be  rescaled  J  the  choice  of  plotting  ordinate  differs  from  the 
file  ordinate. 

’P2’  . Plot  SDectrojra  #2 


Thu  command  performs  the  same  operations  as  'PI'  but  uses  data  residing  in  the 
second  dimension  of  the  dau  arravs. 


'DS'  . D2fcrer.ce  Spectrum  (1-2) 

Selection  of  this  option  causes  a  branch  to  libel  D’.FF  which  first  checks  for  the 
presence  of  iw«o  va!,d  spectra  in  memory  and  then  tests  for  matching  of  their 
wavelength  range  and  step  sire  (nm).  If  the  spectra  are  matched  the  prof'am 
continues  to  label  PLOT  m  the  normal  fashion.  In  this  case,  however,  all  plotting 
operations  w-.;l  use  the  scaled  difference  between  the  tvn  data  vets  The  data  from 
the  second  mtrum  ate  scaled  tor  differences  in  concentration  or  pathlcngth 
before  subtraction  during  plotting 


The  final  option  causes  an  unconditional  branch  to  the  Ijhel  f  X1T  which 
term. nates  the  projram 


J 


TABLE  I 


Data  File  Format 


Line 

File  Variables  a 

Format  Type  * 

l 

TITLE(2) 

CHARACTER  (A72) 

2 

DATE(2) 

CHARACTER  (A8) 

3 

FMIN(2),FMAX(2)lFSTEP(2).CONC(2). 

PATH(2) 

REAL  (•) 

4 

ORD(2),ABSC(2),CEm2).CYCLE(2), 

SAMPL£(2) .  WAVE(2),TIMER<2), 

TEMP(2),DiST(2) 

REAL  (•) 

5 

J.K,NDATA(2,I) 

INTEGER  (13,13,16) 

6-54 

PARAM(2,I) 

INTEGER  (12) 

35 

VARIABLE(2.I) 

REAL  (*) 

56-/ 

A(2.I) 

REAL  (•) 

/-eo  f 

W(2.I) 

REAL  (•) 

a:  DLtk  data  file*  are  read  into  either  half  of  the  data  array* 


6:  (•)  indicate*  free  field  format 


READ: 


This  section  of  PLOTSPEC  opens  a  disk  file  previously  stored  by  the  data  acquisition 
program  CARYSPEC.  The  data  are  stored  in  ASCII  code  and  contain  a  complete 
description  of  the  instrument  parameter  settings  as  well  as  the  spectral  data.  The  format 
of  the  data  file  is  listed  above  in  Table  I.  The  program  prompts  the  user  for  both  the 
filename  and  subdirectory.  The  latter  defaults  to  the  user's  directory  if  only  a  RETURN 
character  is  entered.  If  a  directory  name  is  given  the  program  ouuqs  a  .^rnple'e  Cl 
pathname  for  use  in  the  OPEN  statement.  If  the  file  cannot  be  found  or  the  file  is 
already  open  the  program  displays  an  error  message  and  then  returns  to  the  main 
MENU.  Otherwise,  the  file  is  read  and  the  file  descriptors  are  displayed  on  the  console 
while  the  remainder  of  the  data  are  being  transferred.  After  completion  of  the  data 
transfer  the  program  prompts  for  changes  to  the  concentration  or  pathlength  variables. 
This  feature  allows  for  on-line  corrections  to  the  file  variables  before  plotting,  though 
permanent  corrections  should  be  made  using  the  file  editing  program  EDITSPEC.  The 
program  then  returns  to  the  main  MENU. 

SETTINGS: 

This  section  of  code  displays  a  list  of  the  most  important  instrument  settings  of  the  Cary 
2390  spectrophotometer  during  acquisition  of  the  specified  spectrum.  The  program 
includes  a  large  amount  of  siring  data  for  the  various  settings  in  the  CHARACTER  array 
Pstr.  The  INTEGER  array  PARAM  is  used  as  an  index  to  this  string  data  while  numeric 
data  for  the  table  are  obtained  from  the  REAL  array  VARIABLES. 


DIFF: 

Entry  into  this  section  of  code  is  made  prior  to  plotting  in  order  to  verify  that  the  data 
in  memory  are  suitable  for  difference  spectral  plots.  The  program  first  checks  that  there 
are  two  spectra  present  and  proceeds  to  test  for  exact  matching  of  the  wavelength  limits 
and  step  size.  The  editing  program  EDITSPEC  includes  routines  for  preparing  subset  data 
files  to  support  the  difference  plotting  mode  of  PLOTSPEC. 


PLOT: 


This  section  of  FLOTSPEC  allows  the  user  to  set  up  the  axes  scaling  to  suit  the  type  of 
data  to  be  plotted.  If  the  selected  spectrum  is  not  present  in  memory  an  error  message 
is  displayed  and  the  program  returns  to  the  main  MENU.  Otherwise,  a  prompt  is 
displayed  for  the  choice  of  abscissa.  PLOTSPEC  supports  two  abscissa  modes.  Wavelength 
(nm)  and  Wavenumbers  x  10“3.  After  this  selection  the  program  sets  a  number  of  X-axis 
plotting  variables  and  calls  Subroutine  Xaxis  to  setup  the  default  tick  and  label 
positioning.  The  abscissa  is  bidirectional  allowing  the  user  to  select  the  direction  of 
increasing  values.  However,  the  default  direction  is  for  values  to  increase  towards  the 
right. 


The  following  prompt  is  for  the  choice  of  ordinate  mode.  Data  may  be  plotted  in  a 
choice  of  ABSORBANCE,  Extinction  Coefficient,  %  Transmission  and  %  Reflectance. 
The  latter  pair  are  identical  except  for  the  label  on  the  Y-axis.  Data  files  from  the 
CaRYSPEC  program  may  contain  either  Absorbance  or  %  Transmission  values  so  that 
rescaling  is  provided  automatically  to  suit  the  user's  choice  of  plotting  ordinate.  If  the 
Difference  Spectrum  mode  has  been  invoked  only  the  Absorbance  and  Extinction 
Coefficient  ordinates  are  valid.  If  the  plotting  ordinate  uses  Absorbance  data  the  program 
will  search  the  data  amy  for  the  maximum  value  to  provide  automatic  ranging  on  the 
Y-axis.  If  Extinction  Coefficient  mode  is  specified  the  program  also  calculates  a  suitable 
Y-axis  exponent.  Otherwise,  the  Y-axis  defaults  >o  0-100%  limits.  The  default  tick  and 
label  positions  are  then  set  bi  calling  Subroutine  Yaxis. 

The  user  is  then  prompted  to  ^neck  thar  the  selected  plotter  is  connected  and  turned  on 
before  proceeding  to  send  plotter  commands.  Finally,  the  user  is  presented  with  the 
plotting  menu  with  default  settinp  for  axis  and  label  sizes,  line  type,  pen  velocity,  the 
location  of  tick  marks  and  axis  labels  and  the  command  interface  for  plotting,  annotating 
and  digitizing. 


EXIT; 

The  final  portion  of  PLOTSPEC  issue  an  erase  command  line  instruction  and  then 
terminates  the  program  unconditionally. 
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2.2  Plotting  Menu  Commands: 


The  interactive  plotting  control  menu  is  designed  both  for  flexibility  and  ease  of  use  in 
setting  quite  a  large  number  of  plotting  parameters.  On  most  occasions,  the  default  limits  and 
spacing  between  tick  marks  and  labels  will  be  perfectly  satisfactory.  However,  the  user  has 

complete  control  over  these  parameters  to  suit  individual  preferences.  The  various  command 

selections  are  listed  below: 

’PL’  . Plot  Limits 

This  command  sets  the  actual  range  of  the  data  file  to  be  plotted.  The  default 
value  is  the  full  scan  range.  If  the  plotting  scale  is  made  smaller  than  the  scan 

range  the  plot  limits  are  reduced  to  match  in  order  to  prevent  attempts  to  plot  off 
scale  data.  1/  the  plotting  scale  is  made  larger  than  the  scan  range  the  plot  limits 
are  set  to  the  actual  scan  limits. 

’XS’  . X- scale 

The  range  of  the  X-axis  plotting  scale  defaults  to  the  scan  range  of  the  spectrum 
but  may  be  made  larger  or  smaller  than  the  scan  limits.  The  XMIN.XMAX  values 
may  be  entered  in  reverse  order  to  produce  a  plot  wuh  values  increasing  towards 
the  left.  These  limits  are  passed  to  Subroutine  Xaxis  to  reset  the  plot  limits,  tick 
marks  and  label  positions  automatically. 

’XT’  . X-tick  Spacing 

ThL  option  allows  for  customizing  the  X-axis  tick  mark  spacing  with  prompts  for 
First,  Last  and  Space.  The  limns  are  validated  to  lie  within  the  current  X-srale 
range  and  the  Label  positions  are  automatically  reset  to  match  the  tick  positions. 

’XL’  . X-label  Spacing 

This  option  allows  the  user  to  reset  the  automatic  label  positioning.  The  entries  for 
First,  Last  and  Space  are  treated  in  a  similar  manner  to  the  tick  marks. 

’YS’  . Y -scale 

The  range  of  the  Y-axis  plotting  scale  defaults  to  the  MIN. MAX  scale  appropriate 
for  the  selected  ordinate.  For  %R  and  %T  scales  the  default  scale  is  O-IOO'V  For 
Absorbance  and  Extinction  Coefficient  ordinates  autoranging  is  used  to  fit  the  entire 
spectrum  on  scale.  The  scale  r_nge  is  passed  to  Subroutine  Yaxis  to  reset  the  plot 
limns,  tick  marks  and  label  positions  automatically. 


’YT  . Y-tick  Spacing 

This  option  allows  for  customizing  the  Y-axis  tick  mark  spacing  with  prompts  for 
First.  Last  and  Space.  The  label  positions  are  automatically  reset  to  match  the  tick 
marks.  No  input  validation  is  provided  for  the  limits  as  it  is  assumed  the  user  can 
read  the  updated  console  display  before  plotting. 

’YL’  . Y- label  Spacing 

This  option  allows  the  user  to  reset  the  automatic  label  positioning.  The  entries  for 
First,  Last  and  Space  are  treated  in  a  similar  manner  to  the  tick  marks. 

’C S’  . Char.Size 

The  size  of  character  labels  can  be  altered  to  suit  individual  preferences.  However, 
the  size  should  not  be  made  much  larger  than  the  default  fields  (1x2  cm)  when 
using  the  NOTEBOOK  or  FULL  size  axes  definitions  since  the  labels  may  not  Fit 
within  the  hard  lip  limits  of  the  plotters. 

’PV’  . Pen  Velocity 

Plotting  quality  is  very  dependent  on  the  pen  speed,  the  type  of  pen  and  plotting 

medium  chosen.  The  program  uses  a  default  pea  speed  of  5  cm/sec  for  both  the 

axes  and  spectrum  plots.  The  user  can  alter  these  within  the  range  1-36  cm/sec. 

While  the  manual  for  the  HP  7550A  plotter  recommends  a  speed  of  SO  cm/ sec  for 

* 

the  combination  of  felt  tip  pea  and  graphics  paper  there  is  no  doubt  that  this  is 
determined  more  by  the  quest  for  throughput  than  quality.  Roller  ball  pens  also 
work  well  aw  the  5  cm/sec  pea  speed.  Thus,  there  is  little  need  to  alter  the 
default  values  in  most  cases  'hough  transparency  plots  can  benefit  from  a  higher 
speed  (10  cm/sec). 

'LT  . Line  Type 

The  plotters  have  6  inbuilt  line  type  functions.  The  default  value  specifies  a 
SOLID  line.  Since  PLOTSPEC  can  plot  multiple  spectra  on  the  same  graph  the 
BROKEN  line  type  function  it  quite  useful.  The  various  patterns  can  be  found  by 
reference  to  the  plotter  manuals.  The  length  of  the  patterns  is  entered  as  a  %  of 
full  scale  and  a  useful  gu(de  is  to  select  die  same  length  as  the  pattern  number. 


i 
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’AX’  . Axes  Size 

The  program  includes  three,  predefined  plot  types  NOTEBOOK,  FULL  and  USER 
SET.  The  plotting  boundaries  vary  to  suit  different  functions  and  paper  sizes.  The 
default  NOTEBOOK  size  is  a  small,  A-size  plot  which  allows  room  for  labelling  a 
list  of  spectral  file  parameters  on  the  right  hand  margin.  The  FULL  size  plot 
nicely  fills  the  plotting  area  of  A-size  paper  with  sufficient  space  for  a  centered 
Title  over  the  plot.  The  USER  SET  size  allows  for  custom  size  plots  up  the  the 
limits  of  B-size  paper.  This  mode  has  predefined  limits  which  produce  a  FULL 
size  plot  on  B-size  paper  but  the  scaling  coordinates  can  be  easily  altered  by  the 
user  to  suit  individual  needs. 

’AN’  . Annotate  Plot 

This  command  allows  the  use  to  enter,  move  and  plot  Labels,  a  list  of  spectral 
Parameters  or  a  centered  Title.  The  Title  defaults  to  the  data  file  descriptor  but 

the  user  can  enter  a  new  Title  if  required.  The  Parameters  option  is  only  valid  for 

the  NOTEBOOK  size  plot  which  allocates  room  for  these  descriptors  in  the  right 

hand  margin.  The  Labelling  options  allows  for  entry  of  descriptive  text  (up  to  40 
chars.)  which  may  be  positioned  and  drawn  anywhere  on  the  plotting  surface.  The 
character  size  and  labelling  direction  are  selectable  while  the  plotting  mode  supports 
centered,  left  and  right  justification.  The  character  size  for  labels  defaults  to 
0.6*Normal  plot  size. 

’PA’  . Plot  Axes 

This  command  draws  the  axes  grid  according  to  the  selected  tick  and  label 
positions  listed  in  the  plotting  menu. 

’PS’  . Plot  Spectrum 

Before  proceding  with  the  plot  this  command  pauses  for  the  possible  entry  of  a 
step  multiplier.  This  allows  the  user  to  speed  plotting  for  very  large  data  files. 

’DD’  . Digitize/ Display  Data 

The  program  supports  manual  use  of  the  plotters  for  digitizing  peak  positions  from 
the  plot.  Thu  routine  will  allow  the  user  to  annotate  'he  plot  at  these  positions 

with  either  the  X  coordinate,  the  Y  coordinate  or  Both.  Labels  are  drawn  with 
small  characters  in  the  vertical  direction  and  may  be  plotted  in  centered,  left  or 
right  justified  format.  In  this  case,  the  annotation  routine  provides  offsets  to  avoid 
writing  over  the  spectrum. 
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2.3  COMMON  DATA: 


All  COMMON  variables  used  by  PLOTSPEC  are  held  in  named  COMMON  blocks.  The 
variables  contained  within  the  COMMON  blocks  are  listed  below: 

/DATA/  Contains  EMA  REAL  Arrays  of  spectroscopic  data 

A  Array  containing  the  Absorbance  or  %T  data 

Values  read  from  disk  data  file 
Values  used  in  main  program  unit 

W  Array  containing  the  wavelength  data  (nm) 

Values  read  from  disk  data  file 
Values  used  in  main  program  unit 

/DIGIT/  Contains  REAL  and  INTEGER  variables  for  scaling  digitized  data 

FACTOR  REAL  variable  for  scaling  absorbance  to  extinction  coefficient  units 
Values  set  in  mam  program  unit  (from  data  file  variables) 

Values  used  in  main  program  unit  and  Subroutine  Digitize 

XMIN,  REAL  variables  containing  the  current  X-axis  limits 

XMAX  Values  set  in  main  program  unit 

Values  used  in  main  program  unit.  Subroutine  Digitize,  Subroutine  Order  and 
Subroutine  Xaxis 

YOFF,  REAL  variables  containing  the  current  Y-axis  offset  &  scale  length 

YSCALE  Values  set  in  main  program  unit 

Values  used  in  main  program  unit,  Subroutine  Digitize,  Subroutine  Order  and 
Subroutine  Yaxis 

INTEGER  variables  containing  the  coordinates  of  the  digitized  point 
INTEGER  variables  containing  the  coordinates  of  the  scaling  points  P1.P2 
Values  set  in  main  program  unit  and  Subroutine  Digitize 
Values  used  in  main  program  unit  and  Subroutine  Digitize 


D(,IY 
XI.  Y1 
X2.Y2 


/XPARAM7  Contains  REAL  variables  for  plotting  control 


5 


Current  X-axis  plotting  limits  for  validation  of  Tick  or  Label  entries 

Current  plotting  limits  for  Wavelength  o  Wavenumber  scale 

X-axis  uck  mark  spacing 

First  and  Last  X-axis  tick  marks 

X-axis  label  spacing 

First  and  Last  X-axis  labels 

Vaiues  set  in  Subroutine  Xaxis 

Values  used  in  main  program  unit 

Contains  REAL  variables  for  plotting  control 

Y-axis  tick  mark  spacing 

First  and  Last  Y-axis  tick  marks 

Y-axis  label  spacing 

First  and  Last  Y-axis  labels 

Vaiues  set  in  Subroutine  Yaxis 

Values  used  in  main  program  unit 


1 

1 

1 

I 

M 

I 

3 

1 

I 


f 

m 


LMIN, 

LMAX 

WN.WX 

Xtick, 

FXT.LXT 

Xlabel, 

FXL.LXL 


3 


1 


/YPARAM/ 

Ytick, 

FYT.LYT 

Ylabel 

FYL.LYL 
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2.4  SUBROUTINES: 


PLOTSPEC  uses  subroutines  to  perform  specific  tasks  which  are  required  more  than 
once,  including  string  manipulations,  input  validation,  digitizing  and  data  rescaling.  The 
purpose  and  calling  sequences  are  listed  below: 


Center(TITLE) 

Prints  a  string  on  the  user  console  centred  within  a  72  column  line. 

TITLE  CHARACTER*72  string,  contents  set  by  calling  unit 

CALLED  BY:  Main  program  unit 
CALLS:  None 


Cocff  (E, String, K) 

Converts  a  nuroei  *  extinction  coefficient  Into  a  rounded  string  with 
exponent,  if  require*..  "ecial  handling  is  executed  for  0.0000  and  1.0000 
values. 

E  REAL  variable  input  from  calling  unit 

String  CHARACTER*^)  output  containing  floating  point  string 

DIMENSION  is  set  by  the  calling  unit 

K  INTEGER  variable  input  from  calling  unit  specifying  the  number  of  digits  of 

precision  required  La  string.  Output  value  returns  the  number  of  characters  in 
string  to  the  calling  unit. 

CALLED  PY:  SUBROUTINE  Digitize 

CALLS:  SUBROUTINE  Str 
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Digitize(X,Xcode,Y,Ext,K) 

Reads  the  current  pen  position  from  the  plotter  and  converts  the  coordinates 
to  the  user's  units.  The  routine  also  converts  the  Y-coordinate  to  extinction 
coefficient  format.  The  main  program  determines  whether  the  latter  value  is 
valid  for  the  ordinate  mode  in  use. 


X  REAL  variable  output  containing  the  abscissa  value  in  user  units 

Xcode  CHARACTER  variable  input  used  to  select  scaling  of  the  abscissa  units 

Y  REAL  variable  output  containing  the  ordinate  value  in  user  units 

Ext  CHARACTER^*)  output  string  containing  the  extinction  coefficient 

DIMENSION  is  set  by  the  calling  unit 

K  INTEGER  variable  input  to  specify  the  number  of  digits  precision  in  Ext 

Output  value  contains  tne  number  of  characters  in  the  returned  string 


CALLED  BY:  Main  program  unit 


CALLS: 


SUBROUTINE  Coeff 


Exponent  (N,  Mult) 

Converts  the  scale  factor  (power  of  10)  for  extinction  coefficient  mode  into 
string  exponents  for  labelling  the  Y-axis  in  the  screen  menu  and  on  the 
plotted  grapn  (e.g.  'IE-3'  or  *1 

N  REAL  variable  input,  power  of  10 

Mult  CHARACTER*^)  output  string  containing  multiplier 

DIMENSION  is  set  by  the  calling  unit 

CALLED  BY:  Main  program  unit 


CALLS: 


SUBROUTINE  Sir 
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Line(N) 

Prints  a  line  of  characters  to  the  user  console  N  columns  wide  and 
centred  within  a  72  column  line. 


N 


INTEGER  variable  Input  from  calling  unit 


CALLED  BY:  Main  program  unit 
CALLS :  None 


Order(MIN,MAX) 

Validates  the  input  arguments  so  that  MIN  <  MAX 

MIN.MAX  REAL  variables  input  and  output  with  order  swapped  if  required 

CALLED  BY:  Main  program  unit 
CALLS :  None 


Rescale(J,K,ND) 

Converts  ordinate  dau  array  between  Absorbance  units  and  %  Transmission. 
The  data  array  a(J,I)  is  accessed  from  EMA  COMMON. 

J  INTEGER  variable  input  (1  or  2)  to  specify  the  spectrum 

K  INTEGER  variable  input  (0  or  1)  to  specify  the  scaling  procedure.  The 

original  value  for  K  is  obtained  from  PARAM(J.l)  in  the  dau  file.  On 
return  to  the  main  program  unit  the  latter  parameter  is  altered  to  reflect  the 
current  dau  format. 


ND 


INTEGER  variable  input  conuining  the  number  of  dau  points  in  A(J.I) 


CALLED  BY:  Main  program  unit 
CALLS;  None 
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Str(VALUE,String,PREC) 

Performs  a  conversion  from  numeric  value  to  a  string  number  for  tloating 
point  numbers  only  with  up  to  12  digits  precision. 

VALUE  REAL  variable  input  to  be  processed  by  the  routine 

String  CHARACTER*^  string  output  corresponding  to  VALUE 

PREC  INTEGER  variable  input  to  set  the  rounding  precision  for  string 

CALLED  BY:  Main  program  unit,  SUBROUTINE  Coeff,  SUBROUTINE  Exponent 

CALLS:  None 

Upper(Code) 

Performs  a  check  for  lower  case  characters  in  a  string  of  arbitrary  length 
and  converts  to  upper  case  if  accessary. 

Code  CHARACTER*!*)  variable  passed  into  routine  and  UPPER  case  on  exit 

DIMENSION  is  set  by  the  cailing  unit 

CALLED  BY:  Main  program  unit 

CALLS:  None 

EXTENSiON:  LEN(rfrirtg)  function,  an  HP  extension  to  FORTRAN  77 

Val(String,  VALUE) 

Performs  a  conversion  from  string  to  numeric  value  for  a  string  number 
containing  up  to  10  digits.  This  is  more  than  required  by  PLOTSPEC. 

String  CHARACTER*!*)  string  input  to  be  processed  by  routine 

DIMENSION  is  set  by  calling  unit 

VALUE  REAL  variable  output 

CALLED  BY:  Main  program  unit 

CALLS:  None 
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Waii(DELAY) 


Performs  a  loop  whic  tests  the  system  clock  until  DELAY  seconds  have 
elapsed.  The  routine  does  not  make  provision  for  the  special  case  at  the 
transition  to  2400  hours. 

DELAY  REAL  variable  holding  the  value  of  the  delay  penod  in  seconds 

CALLED  BY:  Main  program  unit 

CALLS:  FUNCTION  Time(l) 


Xazisi  XL,XH) 


Performs  both  limits  settings  for  the  X-axis  range  variables  and  selection  of 
the  default  Tick  and  Label  positions.  The  routine  starts  with  Xtick  set  to  i/'.o 
of  the  full  scale  range  and  then  compares  this  with  a  table  of  preferred 
values.  If  the  range  is  anomalously  small  or  large  the  Tick  and  Label 
positions  are  based  on  the  i/IQ  scale  spacing.  Otherwise,  a  neat  and  tidy 
spacing  is  selected  from  the  table  values  with  a  label  at  every  other  tick 
position. 


Yaxts(  YSCAJLE) 


Performs  Tick  and  Label  position  selection  using  preferred  table  values  if 
possible.  The  routine  start  with  Ytick  equal  to  1/10  of  YSCALE.  If  the 
ordinate  uses  Extinction  Coefficient  scaling  or  the  range  is  anomalously  small 
or  large  the  Tick  and  Label  positions  are  based  on  the  MO  scale  spacing 
Otherwise,  a  neat  a  i  tidy  spacing  is  selected  from  the  table  values  with  s 
label  at  every  other  It  position. 


2.5  FUNCTIONS: 


PLOTSPEC  uses  cnlv  one  function  subprogram  that  makes  an  EXEC  call  to  read  the 
system  ume. 

Time(I) 

Performs  an  EXEC  call  to  read  the  system  clock  and  converts  the  reading  to 
seconds  and  centisecor.d*. 

I  Dummy  argument 

CALLED  BY:  SUBROUTINE  Wait  only 

CALLS:  EXEC(iCCDE.mNfE)  system  level  command 

PROGRAM  CODE 

3.0  Source  Code  Availability: 

The  source  code  for  program  PLOTSPEC  is  a  73K  ASCII  text  file  available  cn  either  a 
Hewlett-Packard  cartridge.  9  track  tape  or  an  IBM  360K  format  floppy  disk.  All  requests 
should  be  accompanied  by  the  blank  medium  desired.  A  printed  copy  of  the  source  code  is 
listed  below 

3.1  Variable  Names  And  Usage: 

\  complete  luting  of  (he  INTEGER,  RLAL.  REAL  Array  and  CHAR  ACT!  R  vu,. shies 
for  (he  MAIN  segment  of  PLOTSPEC  u  j: below  in  Tables  II.  III.  IV  ,4  V,  respectively 
The  subroutine*  uu  the  same  name*  a*  the  m»in  program  for  (he  ume  vamblet  Additional 
vimhle*  in  the  subroutine*  arid  simple  integer*.  J-N.  *r«  not  documented  since  their  usage  it 
rather  obvsou*  The  logical  variable  MATf'M  .*  used  within  (he.  program  when  <  ompanng  two 
spettra  for  the  difference  spectrum  mode. 


Table  II 


Glossary  of  INTEGER  Variables 


Name 


Description 


Value 


DIFF 

EXIT 

MENU 

PLOT 

READ 

SETTINGS 

ASCn 

FINISH 

IX.IY.IZ 

NCOL 

ND 

NT 

NV 

P  RFC 

'  N 

PU 

PXOFF 
PVOFF 
START 
UX1  ,UX2 
UY1.UY2 
XI  ,X2 
Y1.Y2 
XP1  XP2 
YT’l .  YR2 
NDAT  A(2) 
PARAM  (2,49) 


Assigned  Label 
Assigned  Label 
Assigned  Label 
Assigned  Label 
Assigned  Label 
Assigned  Label 


-  Difference  Spectrum 

-  Terminate  Program 

-  Main  Control  Menu 

-  Plot  Spectrum.  1  or  2 

-  Read  Spectrum,  1  or  2 

-  Scan  Conditions,  1  or  2 
ASCII  equivalent  of  digits  in  Sir 

Index  of  final  abscissa  value  to  plot 
Plotter  position  variables  READ/WRITE 
Number  of  screen  column*  in  menu  display 
Number  of  data  points  in  plotted  spectrum 
Number  of  parameters  to  read  from  file 
Number  of  variables  to  read  from  file 
P.cciaon  for  rounding  function  in  Sir 
Piute.*  model  selection  number 
Plotter  Logical  Unit  »,  RE  AIN  WRITE 
Plotter  X-iero  position  offset 
Plotter  Y-tero  postuon  offset 
Index  of  first  abscissa  value  to  plot 
Absolute  Plotter  scaling  coordinates, 

USER  sue  plot  dimensions 
Plotter  X  A  Y  coordinates  for  reading 
ic.'t  clip  vindovtng  points 
Absolute  Plotter  scaling  coordinate*. 


for  WRITE  to  p kuter 
Number  of  data  pomti  in  ipecirum 
Instrument  operating  modes  table 


370 
9000 
10 
400 
570 
300 
48-57 
1-10001 
0-16000 
50-70 
1-10001 
49 
14 
3.4 
1 .2 
17,33 
0,2(30 
0.100 
1-10001 
0-16000 
0—1 01 00 
0-16000 
0-10100 
o-ibooo 

0” l 01 00 
1 -10001 
1  -16 


Table  III 


Glossary  cf  REAL  Variables 


Name 


Description 


BAND 

BHEIGHT 

BWIDTH 

COFF 

ESCALE 

EMULT 

EOFF 

FXL.LXL 

FXT.LXT 

FYL.LYL 

FYT.LYT 

GAIN 

HEIGHT 

LHEIGHT 

LWDTH 

LMIN 

LMAX 

NUMBER 

PMIN 

PM  AX 

RATIO 

STEP 

T1 . T4 

WIDTH 
WN.WX 
WM  IN.  XV  AX 

X,  Y 

XI. i  tx*i 

XM1N.XMAX 

xmi  ;:.t 

XOIF 

Xtick 

XN.XX 

YN.YX 

Y  U  he  I 

YMU’LT 

YOf  F 

wait. 

Y;h  k 


Spectral  Bandwidth  (nm)  -  aUTO  GAIN  mode 

Large  Label  character  height 

Large  label  character  width 

Character  offset  variable,  labelling  mode 

Y-axi*  scale  length.  Ext.  Coeff.  mode 

Power  or  10  for  scaling,  Ext.  Cceff.  mode 

Y-axis  offset.  Ext.  Coeff.  mode 

First  A  last  X-axis  labels 

First  A  last  X-axis  tick  marks 

First  A  last  Y-axis  labels 

First  A  last  Y-axis  tick  marks 

Instrument  gain  -  AUTO  SLIT  mode 

Normal  label  character  height 

Small  Label  character  height 

Small  Ubel  character  width 

Current  X-axis  lower  limit,  data  entry  check 

Current  X-axis  upper  limit,  data  entry  check 

General  purpose  data  entry  variable 

Pen  scale  minimum  limit 

Pen  scale  maximum  limit 

General  purpose  scaling  variable 

Step  sire  (nm)  interval,  plotting  mode 

Powers  cf  10  (10 . 1E4) 

Normal  label  character  width 

Current  plot  limits,  default  ■  WMIN.WMAX 

Absolute  scan  limits  (nm)  or  (kK) 

General  purpose  plotting  variables 

X-ixis  Ubel  ipaesng 

left  A  Right  edges  of  X -stale  on  plot 

Multiplier  to  scale  user  X-scale  to  \Q*W0  units 

Offset  to  user  X-scale  units  to  set  min’m  at  0 

X-axis  tick  spacing 

Data  entry  variable.*  for  X-scale.  ticks  A  labels 
Data  entry  variahles  for  Y-scale.  ticks  A  labels 
Y-axis  Ubel  spacing 

Scales  Y-axts  data  A  labels  for  Ext.  Coeff.  mode 
Offset  variable  on  current  Y-axis  scale 
Current  Y  axis  scale  length 
Y-axis  tick  spacing 


Table  IV 


Glossary  of  REAL  Array  Variables 


Name 


Description 


ORD(2) 

Final 

ABSC(2) 

Final 

CEUU2) 

Final 

CYCLE(2) 

Final 

SAMPLE(2) 

Final 

WAVE(2) 

Final 

TIMER(2) 

Final 

DIST(2) 

Final 

ordinate  value  in  file 
abscissa  value  in  file 
cell  #  value  in  file 
cycle  *  value  in  Tile 
sample  «  value  in  file 
wavelength  value  in  file 
time  value  in  file 
distance  value  in  file 


A(2, 10001) 

CONCf2) 

FACTORS) 

FMAX(2) 

FMIN(2) 

FSTEP(2) 

PATH(2) 

VARIABL£(2.14) 

W(2. 10001) 


Absorbance  or  %T  uny 
Concentration  of  sample  (M),  from  data  Hie 
Concentration  •  Pathlength  for  scaling  spectra 
Starting  wavelength  of  scan  (nm) 

Ending  wavelength  of  scan  (nm) 

Step  sue  (nm),  from  dau  Hie 
Pathlength  of  sample  cell  (cm),  from  dau  file 
Instrument  operating  conditions  uble 
Wavelength  array 


Table  V 


Glossary  Of  CHARACTER  Variables 


Name 


Description 


Screen  Control: 

BELL 
CLR*2 
DOWN' *2 
ESC 

HOME*2 
UP*  2 

File  Status: 

DATE(2)*3 

Fname(2)*20 

LA3EL(2)«72 

P'tr(23,16)*l  4 

Smin(2)*4 

Smax<2)*4 

Sinc(2)*4 

Ssut(2)*10 


CHAR(7)  bell  character 
Gear  screen 

Move  cursor  down  1  tine 
CHAR(27)  escape  character 
Move  cursor  to  upper  left  corner 
Move  cursor  up  1  line 


Date  (mm/dd^yy) 

Filename,  Cl  convention 
Descriptor  of  spectrum 
Table  of  parameter  setting  names 
Spectrum  ending  wavelength  (nm) 
Spectrum  starting  wavelength  (nm) 
Step  size  interval  (nm) 

Spectrum  status  (VALID,  INVALID) 


Program  Control: 


C 

Code* 2 
Directory*  40 

Ext*  14 

Filrspec*f>3 

Icixle 

Mult*  5 

Pc ode* 2 

Psi/e*8 

Sue 

String*1  4 
Text*  40 
TITLE*72 

Xcode 

Xord*7 

Ycode 


Literal  comma 

Main  menu  selection,  valid  until  reset 
User  directory  name.  Cl  convention 
Extinction  Coefficient,  digitize  A  label  modes 
Full  pathname.  Cl  convention 
General  purpose  selection  key  entry 
Y-axis  multiplier  label.  Ext.  Coeff.  mode 
Plotting  menu  option,  valid  until  reset 
Screen  label  for  axe*  type  selected 
Select  type  of  plotted  axes,  *N\  ‘F*  or  'U* 
String  to  pan  data  to  or  from  subroutines 
General  purpose  string  for  labelling  plot 
String  to  be  printed  to  screen 
Selects  X-axis  scale,  (nm)  or  (k K ) 

X-axia  label  (nm)  or  (cm*1),  digitize  mode 
Selects  Y-axis  scale,  ’A’,  'E\  ‘R'  or  T* 


...cont'd 

Plotter  Control: 

CR 

CHAR(13),  carriage  return 

Etx 

CHAR(3),  Terminator  for  label  mode  on  plotter 

LF 

CHAR(IO),  line  feed 

Length*  6 

Broken  line  style  pattern  length  (%) 

Lmode*8 

Line  type  mode  (SOLID  or  BROKEN) 

Pattem*6 

Broken  line  type  number 

Plotter*  10 

Literal  ’HP  9872A'  or  ‘HP  7550A’  identifier 

Vaxes*2 

Pen  velocity  (cm/sec),  axes  vectors 

Vspec*2 

Pen  velocity  (cm/sec),  spectrum 

Xleft*6 

Literal  ’0*  or  ’-10000',  for  scale  command  SC 

Xright*6 

Literal  '10000'  or  'O',  for  scale  command  SC 

Xstring*15 

X-axis  label,  plotter  output 

Ylow*6 

Literal  *0* 

Ystring*15 

Y-axis  label,  screen  and  plotter  output 

Ytop-*6 

Literal  TOOOO' 

1  FTN7X.L 

2  $ F I LES  0,1 

3  $LMA/DATA/ 

4  PROCRAM  PLOTS PEC 


5 

C 

— 

6 

C 

7 

C 

This 

;  Program 

Is  Designed 

To  Plot  Spectra!  Data  Acquired  From 

8 

n 

The 

CARY  2390  UV-VIS-NIR 

Spectrophotometer  With  CARYSPEC . RUN 

9 

c 

10 

c 

The 

Program 

Supports  Output  To  HP  9872A  And  HP  7550a  Plotters 

11 

c 

The 

HP  9872A 

Is  Plotter  #1  At  Address  LU  33  (IEEE-488  Device  *2) 

12 

c 

The 

HP  7550A 

Is  Plotter  *2  At  Address  LU  17  (RS-232C  Device; 

13 

c 

14 

c 

15 

c 

16 

c 

AUTHOR : 

Dr.  Robert  A 

.  Binstead, 

17 

c 

Chemistry  Division,  Code  6125, 

18 

c 

Naval  Research  Laboratory, 

19 

c 

Washington. 

D.C.  20375-5000 

20 

c 

21 

c 

WRITTEN: 

February,  1987 

22 

c 

23 

c 

VERSION: 

1  .72 

24 

c 

1  < 
a. 

c 

REVISED: 

March,  1987: 

26 

c 

- 

Debugged  plotting  DO  loops 

27 

c 

- 

Added  Ordi nate/Absc i ssa  mode  checks 

28 

c 

- 

Added  ending  wavelength  check 

29 

c 

30 

c 

April,  1987: 

31 

c 

- 

Altered  to  use  expt'l  X-values 

32 

c 

- 

Added  screen  display  routine 

33 

c 

- 

Removed  rounding  from  SUB  Xlimits 

34 

c 

- 

Altered  rounding  to  use  HINT  function 

3  5 

c 

36 

c 

May,  1987: 

37 

c 

- 

Altered  annotation  mode  to  support 

38 

c 

Title,  Parameters  N  Labels  on  plot 

39 

c 

- 

Altered  AXES  selection  to  provide 

4  0 

c 

default  USER  values  5i  easy  updates 

4  1 

r 

- 

Changed  FFRCL  to  79  characters  to 

42 

c 

prevent  unwanted  line  wrapping 

43 

c 

4  4 

J  one ,  1987: 

45 

c 

- 

Altered  Filename  convention  to  match 

46 

c 

the  directory  structure  of  the  new  Cl 

47 

c 

ope  rat  1  ng  syst  -.4 

4  8 

r 

- 

The  program  had  to  be  stripped  down 

4  9 

C 

to  run  under  the  Cl  operating  system 

50 

c 

by  eliminating  most  I/O  error  checks 

51 

c 

52 

r 

July,  1987: 

53 

r 

- 

SLCMfNTED  version*  of  the  full  sire 

29 


program  failed  with  Memory  Protect 
errors  at  the  INQUIRE  statement  if 
the  file  existed  already 


54  C 

55  C 

56  C 

57  C 

58  C 

59  C 

60  C 

61  C 

62  C 

63  C 

64  C 

65  C 

66  C 

67  C 

68  C 

69  C 

70  C 

71  C 

72  C 

73  C 

74  C 

75  C 

76  C 

77  C 

78  C 

79  C 
SO  C 

81  C 

82  C 

83  C 

84  C 

85  C 

86  C 

37  C 

38  C 

89  C 

90  C 

91  C 

92  C 

93  C 

94  C 

95  C 

96  C 

97  C 
93  C 
99  C 

100  c 

101  c 

102  C 

103  C 

104  C 

105  C 

106  C 


August,  1987: 

-  Eliminated  INQUIRE  statement  for  file 
exists  or  open  check  to  avoid  system 
crash  in  the  segmented  version  of  the 
program.  The  error  checks  are  now  made 
using  error  numbers  returned  in  the 
OPEN  statement. 


Apr i 1 ,  1988 : 

-  Removed  needless  DATA  for  Pstr,  unused 
arrays  and  most  I/O  error  checks  on 
WRITE  to  allow  room  for  the  complete 
program  in  a  single  32K  word  segment. 

-  Added  Uppercase  string  conversion 
routine  for  all  string  entries. 

-  Subroutines  Xlimits  &  Ylimits  were 
replaced  by  Subroutine  Order (MIN, MAX) 

-  Subroutine  Xaxis  was  added  to  avoid 
duplication  in  setting  X-axis  Limits, 
Xtick  and  Xlabel  spacing. 

-  Subroutine  Yaxis  was  added  to  avoid 
duplication  in  setting  Y-axis  Limits, 
Ytick.  and  Ylabel  spacing. 

-  Altered  Annotation  Mode  For  Labels  Up 
To  40  Characters  In  Centered,  Left  6 
Right  Justified  Formats.  Positioning 
4  Character  Size  Commands  Were  Added. 

-  The  Pen  Position  Digitizing  Routine 
Was  Rewritten  in  Subroutine  Form  And 

A  Labelling  Command  Added  To  The  Menu. 

-  The  Annotation  Rou.ne  Was  Augmented 
To  Support  Peak  Position  Labels  In 
Centered,  Left  &  Right  Justified  Modes 
With  Special  Offset  Features  To  Avoid 
Writing  Over  The  Spectrum. 

-  4  Transmission  6  H  Reflectance  Modes 
Were  Added  To  The  Y-scale  Selections 

-  Re-scaling  Between  4T  &  Absorbance 
Was  Added  To  Support  Both  Plotting 
Modes  From  Either  Type  Of  Data  File. 

-  Rounding  Functions  Were  Altered  To 
Use  AN l NT  (Whole  Number)  Command  To 
.'.void  Integer  Overflc-  With  HT  &  4R 
Labe  I  1 Ing. 

-  Added  Automatic  Tick  (*  Labe!  Routines 
To  Select  Preferred  Values  Based  On 

X  (»  Y  Scale  Ranges.  Defaults  To  1/10 
Of  Seel#  For  Entry  Of  An  Anomalously 
Sma 1 1  Or  Large  Range . 
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107  C 

108  C 

109  C 

110  C 

111  C 

112  C 

113  C 
1  14  C 

115  C 

116  C 

117  C 

118  C 

119  C 

120  C 

121 
122 

123 

124 

125 

126 

127 

128 

129 

130 

131 

132 

133  C 

134  C 

135  C 

136 

137  C 

138  C 

139  C 

140 

141 

142 

143 

144 

145 

146 

147  C 

148  C 

149  C 

150 

151 

152 

153 

154  C 

155  C 

156  C 

157  C 

158  C 

159 


-  Added  Code  For  Selection  Of  Plotter 
Type  (HP  9872A  /  HP  7550A)  And  Made 
Adjustments  To  The  P1,P2  Scaling 
Points  To  Fit  Output  Within  The  Hard 
Clip  Limits  Of  Both  Plotters. 

Y-AXIS:  Absorbance  or  Extinction  Coefficient 

X-AXIS:  Wavelength  or  Wavenumbers  x  IE-3 

MEMORY:  30,000  Words  (PROGRAM)  +  80,000  Words  EMA  (DATA) 


INTEGER  DI FF,  EXIT,  MENU,  PLOT,  READ,  SETTINGS,  PARAM(  2. 49) 

INTEGER  FINISH, IX, IY, IZ,NC0L,ND,NDATA(2) , NP.NV, PN , PU, PXOFF, PYOFF 
INTECER  START,  UX1  ,  UX2  ,  UY1  ,  UY2  ,X1  ,X2 , Y1 ,  Y2 , X?1  , XP2  ,  YP1 ,  YP2 
REAL  BAND ,  COFF ,  ESCALE ,  EMULT  ,  EOFF , CA I N ,  LMIN ,  LMAX ,  NUMBER 
REAL  PMIN,  PMAX,  RAT IO,  SCALE,  STEP,  V,  WN ,iX,  iM'.N ,  *MAX 
REAL  XMIN,XMAX,XMULT,XOFF,X,XN,XX,Y,YN,YX,YMULT,YOFF,YSCALE 
REAL  Xt  ickfFXT,LXT,Yt  ick.FYT.LYT, XI abel.FXL.LXL.Y label  .FYL.LYL 
REAL  T1  ,  T2  ,  T3  ,  T4  ,  LWI DTH ,  WI DTH ,  BWIDTH,LHEICHT,  HEI CHT .  BHE I CHT 
REAL  ABSC(2)  ,CELL(2)  ,CONC(2)  ,CYCLE(2)  ,DIST(2)  ,ORD(2)  ,PATH(2) 

REAL  SAMPLE(2)  ,T!MER(2)  ,TEMP(2)  ,  WAVE(2)  ,FMIN(2)  ,  FMAX(2)  ,  FSTEP(  2) 
REAL  FACTOR(2)  .VARIABLES,  14)  ,A(2. 10001)  ,W(2, 10001) 

LOCI  CAL  MATCH 

Dimension  Screen  Control  String  Variables 
CHARACTER  BELL ,  CLR*2  ,  DOWN*2  ,  ERASE*2 ,  ESC,  HOME*2  ,  UP* 2 

Dimension  Program  Parameter  Variables 

CHARACTER  DATE(  2)  *8  ,  Fname  ( 2)  *20  ,  LABEL(2)*72  ,Plotter(2)*l0 
CHARACTER  Smln(2)*4 , Smax(2)»^ . S 1 nc( 2)*  . Ss t at ( 2 ) *1 0 
CHARACTER  C,CR,Code*2 , Di rect ory*40  ,  Et  x.  Ext *1 4 , FI lespec*63 
CHARACTER  I  code , Lengt  h*6 , LF , Lmode*8  ,Mu!  t *5 , Pcode*2 , Pat  t  ern*6 
CHARACTER  Psize*8,Slze,Stri ng* 1 4 , Text *40 , TITLE*72 , Vaxes*2 
CHARACTER  Vs pec* 2 , Xcode , XI e f ' *6 ,Xord*7 ,Xr i ght *6 , Xs t r i ng*l 5 
CHARACTER  Ycode  ,  Y1  o\r*6  ,  Yst  r  I  ng*  1 5  ,  Yt  op*6 ,  Pst  r(  23  .  lb)*14 


COf40N  /DATA/A.W 

COMMON  /XPARAM/LM!  N  ,  LMAX  ,  WN  ,  WX,  Xt  i  ck ,  F<T ,  LXT ,  XI  abe  1  ,  FXL  ,  LXL 
COMMON  /YPARAM/Yt  ick.FYT.LYT, Ylabel  .FYL.LYL 

COMMON  /DI  C I T/FACTOR  ,  XMIN  ,  XMAX  YOFF ,  YSCALZ,  IX,  IY.J.PU.X1  ,  X2.Y1  ,Y2 


Define  Rounding  Functions  Using  Nearest  Integer  Commands 
RO(X)-NINTCX)  !  Type  -  INTECER 
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160  R1(X)-ANINT(X*10.0)/10.0  !  Type  -  REAL 

161  R2 ( X) -AN 1  NT ( X* 1 00 . 0 ) / 1 00 . 0  !  Type  -  REAL 

162  R3(X)-ANINT(X*1.0E3)/1.0E3  !  Type  -  REAL 

163  C 

164  C  — . - - - - - . . 

165  C 

166  C  Initialize  String  Variables 

167  C 

168  DATA  (Plot ter( I ) , I— l , 2)/' HP  9872A  \'HP7550A  '/ 

169  DATA  (Pstr(l , 1) , 1-1 , 6)/' ABSORBANCE' , 'tt  TRANSMISSION' , 

170  &' TEMPERATURE '  , ' %  REFLECTANCE1  , 'CONCENTRATION' EMISSION'/ 

171  DATA  (Pstr(2, I) , I-l ,4) /•WAVELENGTH’ , 'TIME' , 'TEMPERATURE' , 

172  &' DISTANCE'/ 

173  DATA  (Pst r (3. 1) , I-l , 11)/' OFF' , ’ 0 . 01 ' ,  '  0 . 02 '  ,  '  0 . 05  '  , ' 0 . 1' , ' 0 . 2 ’  , 

174  £.'0.5'  ,'1.0'  ,'2.0'  ,'5.0'  ,'10.0'/ 

175  DATA  Pstr(4, l)/’OFT'/ 

176  DATA  (Pstr(4, I) , 1-6, 15)/'0.2’ , '0.5'  , ' 1.0' , '2.0' , '5.0' . 

177  &' 10’ , '20* , '50' . ' 100' , '200'/ 

178  DATA  (Pst r (5 , I ) , I-l ,4)/' AUTO  SELECT' , 'AUTO  CAIN’  , 'AUTO  SLIT’  , 

179  &' SINGLE  BEAM'/ 

180  DATA  (Pstr(6, 1),  I-l, 5)/’OJT' , 'NORMAL' ,' 1ST  DERIV','2ND  DERIV’ , 

181  &' LOC*  / 

182  DATA  (Pst  r (7 , 1 ) , I-l , 9)/' 0 . 01 ' , ' 0 . 02 ' , '  0 . 05 ' ,  ’  0 . 1 ' , ' 0 . 2 ’ , ’ 0 . 5 ' , 

183  &' 1 .0’, '2.0' , '4.0'/ 

184  DATA  (Pstr(8, I) . 1-10, 16)/'2' .'5' , '10' , '20'  , '50' , ’ 100’ . '200'/ 

135  DATA  (Pst r (9, I) , 1-12, 15)/' 10' , '20* , '50'  , ' 100'/ 

186  DATA  (Pst r( 10, I), I-l, 5)/' -1.9  TO  0.6’ ,'-2.0  TO  0.5' , 

137  &' -2 . 1  TO  0.4' .*-2.2  TO  0.3', '-2. 3  TO  0.2'/ 

188  DATA  (Pstr(ll.I), I-l , !6)/'+/-0.01 • , '+/-0.02' . ' +/-0 . 05 ", ' +/-0 . 1 ’ , 

189  6,'  +/-0 . 2 '  ,  '+/-0.5'  . '>/-!. O'  ,  '+/-2.0'  .'+/-5.0'  ,  ’ +/-10'  .  '  V-20'  , 

190  &'  +/-50'  ,  't-/-100'  , '+/-200'  ,' V-500'  .  '+/-10Q0’/ 

191  DATA  (Pstr(12, I) , I-l , 16)/' +/-0 . 01 ' , ' +/-0 . 02 ' , '+/-0.05' , '+/-0. 1' . 

192  £,'  +/-0 . 2'  ,  'V-O-5'  ,'V-1.0'  ,  'V-2.0'  , '+/-3.0'  , '+/-10' ,  '+/-20'  , 

193  &’+/-30'  ,  '+/-10G'  , '  +/-200'  ,  'V-500'  ,  '+/-\ 000'  / 

'94  DATA  (Pstr(14,  I) ,  I-l ,  10)/'0'  . '  10’  ,  •‘'0'  .  '30'  ,  '  40'  ,  ’  50'  ,  '-O'  ,  '70'  , 

195  &' 80' , ' 90' / 

196  DATA  (Pstr(15, I) , I-l .4)/'0.5' , ' l .0’  ,  '3.0'  .  '  10'/ 

197  DATA  (Pstr(16, I) , I-l ,2)/'NOPMAL' , 'REVERSE'/ 

198  DATA  (Pstr(17, I) , I-l ,2)/'OFT' ,'ON'/ 

199  DATA  (Pst  r ( 1 8 , I) , I-l ,2)/' REPEAT  SCAN ' , ’ S CL/MULT  I ' / 

200  DATA  <Pstr(19, I) . I-l ,2)/'SERIAL' , 'OVERLAY'/ 

201  DATA  (Pstr(20,  I)  ,  I-l  ,4)/'BOTH  ON'  ,  ’  *JV  ONLY'  .  'VIS/NIR  ONLY’  , 

202  £.'BOTH  OFF’/ 

203  DATA  (Pstr(21 . I) , I-l ,3)/'AUTO* .  UV' , 'VIS/NIR'/ 

204  DATA  (Pst  r (22 , I ) , I-l , 3)/' AUTO* , ' UV/V1 S ' , ' NIR' / 

205  DATA  (Pstr(23,l),I-l,2)/' FULL' , ' 1/3 '  / 

206  C 

207  8ELL-CHARC7) 

208  ESC-CHAR(27) 

709  CLR-ESC// ' J ' 

210  HOME-ESC// ' h ' 

211  UP-ESC// ’ A ' 

212  DOWN-ESC// ‘ B' 

213  ERASE-ESC// ' R ' 
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!  Select  Plotter  #1  (HP  9872A) 


214  C 

215  PN-1 

216  Tl-10.0 

217  T2-100.0 

218  T3-1000.0 

219  T4-10000.0 

220  C 

221  C  - 

222  C 

223  C  Assign  Statement  Labels 

224  C 

225  C  . — . . 

226  C 

227  ASSICN  10  TO  MEMJ 

228  ASSICN  100  TO  READ 

229  ASSICN  300  TO  SETTINCS 

230  ASSICN  370  TO  PLOT 

231  ASSICN  390  TO  DIFF 

232  ASSICN  9000  TO  EXIT 

233  C 

234  C  . - . . 

235  C 

236  C  Data  Transfer  and  Plot  Control  Menu 

237  C 

238  C  . 

239  C 

240  CALL  FFRCL(79)  !  Set  Fields  to  79  Characters 

241  10  WRITE  (1,*)  HOME , CLR , ' _ ' 

242  NCOL-70 

243  TITLE-'Cary  2390  Spectral  Data  Plotting1 

244  CALL  Center (TITLE) 

245  WRITE  ( 1 ,  ”(T61 ,A2,A9) ' )  UP, 'Rev:  1.72’ 

246  CALL  Line(NCOL) 

247  WRITE  (1,20)  ' CODE’  , 1  FUNCTION'  , 1  STATUS'  , 'MIN'  , 'MAX'  ,  1  INC' 

248  20  FORMAT  (T4  ,  a4  .  T1  S  ,  ,\8  ,  T38  ,  A7  ,  T50  ,  A3  ,  T58  ,  A3  ,  T66  ,  A3  ) 

249  CALL  Line(NCOL) 

250  WRITE  (1,30)  'Rl',’ . Reed  Spectrum  *1 . '.Sstat(l), 

251  &Sml n( 1 ) , Smax( 1 ) , S I nc(  1 ) 

252  WRITE  (1,30)  'R2',' . Read  Spectrum  *2 . ',Sstat(2), 

253  6Smi nC  2 ) , Smax ( 2 ) , S 1 nc ( 2 ) 

254  WRITE  (1,50)  'IS',' . Instrument  Settings . ' 

255  WRITE  (1,30)  'PS',' . Plotter  Selection . '  .Plotter(PN) 

256  WRITE  (1.40)  'PI',' . Plot  Spectrum  »1 . ’.Fname(t) 

257  WRITE  (1,40)  '  P2 '  ,  ' . Plot  Spectrum  »2 . \Fname(2) 

258  WRITE  (1,50)  'DS','  ...  Difference  Spectrum . ' 

259  'WRITE  (1,50)  'EX',' . EXIT  Menu . ' 

260  30  FORMAT  (/ .  T5  ,  A2  .  T7  ,  /.CO  ,  T39  ,  Al  0 , T50  ,  A4  .  T5S  ,  A4 ,  T66  ,  A4 ) 

261  40  FORMAT  (/ , T5 , A2 , T7 , a30 , T39 , A 1 6) 

262  50  FOR, MAT  (/ .  T5  ,  A2  .  T7  .  A30) 

263  WRITE  ( 1 , *) 

264  CALL  Llne(NCOL) 

265  WRITE  ( 1 . *) 

266  70  'WRITE  (1.*)  UP,  ERASE,  '_' 
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26 i  WRITE  (1 , ' (T3 ,A15 ,A,A2) ' )  'Enter  the  CODE BELL , '  ’ 

268  READ  (1,80)  Code 

269  80  FORMAT  (A2) 

270  CALL  Upper (Code) 

271  C  . — . 


*  •  ’  -J 

274 

275 

276 

277 

278 

279 

280 
281 
232 
283 
234 

285 

286 

287 

288 

289 

290 

291 

292 

293 

294 

295 

296 

297 

298 

299 

300 

301 

302 

303 

304 

305 

306 

307 

308 

309 

310 

311 

312 

313 

314 

315 

316 

317 
313 
319 


IF  ( (Code . EQ. ' R1 ' ) .OR. (Code . EQ. ' R2' ) )  THEN 
J-lCHAR(Code(2 ■ 2) ) -48 
CO  TO  READ 
END  IF 

IF  (Code . EQ. ' IS ' )  CO  TO  SETTINGS 
IF  (Code .EQ. 1  PS' )  THEN 

90  WRITE  (1,*)  UP, ERASE, '  Select:  1 ...  HP  9872a, f , 
6  '  2. . .HP  7550A  ?  ' .BELL, '_' 

READ  (1,99)  Icode 

IF  ((Icode. NE.'l'). AND. (Icode. NE. '2'))  THEN 
CO  TO  90 
END  IF 

PN-FCHAR( Icode) -48 
CO  TO  MENU 
END  IF 

IF  ( (Code . EQ. ' PI ' ) .OR. (Code .EQ. ' P2* ) )  THEN 
J-ICHAR(Code(2 : 2) ) -48 
CO  TO  PLOT 
END  IF 

IF  (Code . EQ. ' DS ' )  THEN 

J-l 

CO  TO  DIFF 
END  IF 

IF  (Code. EQ. 'EX' )  CO  TO  EXIT 
CO  TO  70 
C 

C  . . . . 

c 

C  Read  Spectrum:  (J  -  1  or  2) 

C 

C  . - . . . 

c 

99  FORMAT  (Al) 

100  IF  (Satat(J) .EQ. 'VALID* )  ''HEN 

WRITE  (1,*)  UP, ERASE,'  Spectrum  Is  PRESENT:  ' , 

4  'Proceed  (Y  or  V)  7  ' , BELL, 

READ  (1,99)  Icode 
CALL  Upper (Icode) 

IF  ( Icode. EQ. 'N' )  CO  TO  70 
IF  ( Icode. NE. 'Y' )  CO  TO  100 
END  IF 

WRITE  (1 ,*)  HOME , CLR , ' 

TITLE-' Read  Spectrum  e-//Code(2:2) 

CALL  Center (TITLE) 

CALL  LI ne(NCOL) 

WRITE  (1,*)  DOWN,'  Enter  Filename:  '.BELL.'.' 

READ  ( 1 , ' (A20) ' )  F name ( J ) 

CALL  Upper ( Fname ( J ) ) 


320 

321 

322 

323 

324 

325 

326 

327 
323 

329 

330 

331 

332 

333 

334 

335 

336 

337 

338 

339 

340 

341 

342 

343 

344 

345 

346 

347 

348 

349 

350 

351 

352 

353 
'34 

355 

356 

357 

358 

359 

360 

361 

362 

363 

364 

365 
36* 
367 
363 

369 

370 

371 


WRITE  (1,*)  DOWN,'  Directory,  (Return  -  /DEFAULT/)  ’.BELL,' 
READ  (1 , ' (A40) ' )  Directory 
IF  (Directory. EQ. '  ' )  THEN 
Fi lespec-Fname(J) 

CO  TO  110 
END  IF 
K-40 


DO  WHILE  (Directory (K:K).EQ.  '  ’) 

K-K-l 


END  DO 

IF  (Di rect ory(K: K) . EQ. ' /' )  K-K-l 
F i I espec— Di recto ry( 1 : K)//’ /' //Fname ( J) 

110  K-63 

DO  WHILE  (Fi lespec(K:K) .EQ. '  *) 

K-K-l 
END  DO 

WRITE  (1,*)  UP, ERASE,'  Validating:  ' ,Fi lespec( 1 :K) , '  _’ 
CALL  Wait (l  0) 

OPEN  (UNIT-66, FILE-Fi lespec(l  :K)  ,  I OSTAT-N , STATUS-' OLD’ ) 
WRITE  (1 ,+) 

IF  (N.NE.0)  THEN 
WRITE  (1.*)  UP, ERASE, '_’ 

N-N-500 

IF  (N.EQ.6)  WRITE  (1,*)  ’  File  does  NOT  EXIST:  ’,BELL,’_’ 
IF  (N.EQ.3)  'WRITE  (1,*)  ’  File  is  already  OPEN:  '.BELL,' 
IF  ((N.NE.6)  ..AND.  (N.NE.8))  WRITE  (i,*)  '  Disk  Error  *  ', 
&  BELL. ’  _' 

CLOSE  (UNIT-66,  STATUS-’ DELETE’ ) 

CALL  Wait (2.0) 

WRITE  ( 1 .*) 

Sstat (J)-' INVALID' 

CO  TO  MENU 
END  IF 

WRITE  (1,*)  UP, ERASE,’  Reading  File:  ’ ,F! lespcc( 1 :K) 

READ  (66 , FMT-1 20,1 OSTAT-N , ERR- 2 10)  L\BEL( J) 

120  FORMAT  (A72) 

'WRITE  (1  ,*)  DOWN,  '  Title:  ’ 

'WRITE  (1  ,  *)  ’  ’  ,  LAEEL(  J  ) 

READ  ( 6C  , FMT-1 30 )  DATE(J) 

130  FORMAT  (A3) 

’WRITE  (1,*)  DOWN,’  Date:  ’  ,  DATE  ( J ) 

READ  (06 , *)  FM I N ( J ) , FMAX (J) ,FSTFP(J). 

6C0NC( J)  , PATH(  J ) 

READ  (66,*)  ORD(J) ,ABSC( J) , CELL U ) ,CYCLE(J)  . 

6iSAMPLE(  J  )  ,  WAVE ( J )  ,  T I MER ( J  )  ,TEMP(J)  ,  DI  ST(  J  ) 

WRITE  (1,140)  DOWN, ’Scan  Range:  ’,FMAX(J).’  to  ’.FMIN(J), 

&’  run  at  ’  ,  ESTEP  ( J ) ,  ’  run  steps' 

WRITE  (1  ' ( T4 , a2 , A 1 2 , 2X , C9 . 4 ) * )  DOWN. 'Cone.  (M)  :  ’.CONC(J) 
■WRITE  (1,150)  DOWN,' Path  (cm)  :  ',P\TH(J) 

WRITE  (1,150)  DOWN. 'Temp.  (C)  :  ’.TLMP(J) 

140  FORMAT  (T4,A2,A12,F6.2,A4,F6.2.A7  F4.2.A9) 

150  FORMAT  (T4, A2.A12.F6  2) 
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I  Z 


372  CALL  Str(FMIN(J) ,Strtrg,4) 

373  Smi n( J )-St r i ng(2 : 5) 

374  CALL  S t r (FMAX( J ) , S t r i ng , 4) 

375  Smax( J )-St r ing(2 : 5) 

376  CALL  Str(FSTEP(J) .String, 4) 

377  S i nc ( J )-S t r i ng( 2 : 5 ) 

373  READ  (66.  FVT-loO,  IOSTAT-M. EM-210)  NP . NV , NDaTAI J ) 

379  160  FORMAT  (13, 1 3, 16) 

380  IF  ((NP  NE.49) .OR. (NV.NE. M))  CO  TO  200 

381  IF  (AES(FMIN(J) -WAVE (J)) .CT.O.  1)  THEM 

382  WRITE  (1,*)  DOWN,'  Warning!  Scan  andad  at  * .WAVE(J) , ‘  nm'.BELL 

383  CALL  Wait (2.0) 

384  END  IF 

385  WRITE  (1 ,*) 

386  TITLE-1 *•*  READING  SPECTRIN  mm' 

387  WRITE  (1  .*)  HOME. 

388  CALL  Cant  ar (TITLE) 

389  READ  (66.FMT-170)  (PARAA4(J  .if)  .K-l  .NP) 

390  170  FORMAT  (12) 

391  READ  (66.*)  ( VAR  I  ABLE (J , K) ,K-1 ,NV) 

392  READ  (66,*)  (A( J ,K) ,  K-l ,NDATA( J) ) 

393  READ  (66.*)  (W( J  ,K)  ,JC-1  ,NDATA( J) ) 

394  S*t at ( J )  — 1  VALID1 

395  180  CLOSE  (LNIT-66, IOSTAT-N, ERX-210) 

396  IF  (Sitat (J) .NE. 'VALID' )  CO  TO  MENU 

397  190  WRITE  (1.*)  UP, ERASE,'  EDIT  Cone . /Pat h :  (Y  or  N)  ?  '.BELL.'.' 

398  READ  (1,99)  Icoda 

399  CALL  Uppar ( I  coda) 

400  IF  ( Icoda  EQ. ’Y' )  CO  TO  230 

401  IF  (Icoda. NE. 'N' )  CO  TO  190 

402  CO  TO  MENU 

403  C  . . . - . 

404  200  WRITE  (1,*)  UP , ERAS E , '  Data  Format  Error  ’ . BELL . 1 

405  Sitat(J)-* ABORTED' 

406  CO  V'  2.0 

407  210  WRITE  (1.*)  UP, ERASE,'  Disk  Error  a ’ , N . BELL . 1 

40B  Satat(J)— ' INVALID' 

409  220  CALL  Walt (2  0) 

410  WRITr  (1 .*) 

4 1 1  CO  TO  1  SO 

412  C  - . . . . . 

413  230  WRITE  (1.*)  UP. ERASE.'  (C  .  Cone  ,  P  Path)  '  1  ,!UL. 

414  READ  (1 .99)  Icoda 

*15  CALL  Uppar(lcoda) 

416  IF  (Icoda  IO  'P'}  CO  TO  2.50 

417  I F  (  Icoda  V'!  C‘  )  CO  TO  230 

418  240  WRITE  (’.*)  UP, ER'SE. '  Concant rat  I  on.  (M)  ' , DELL , ' 

419  READ  M . * . ERR-240 )  C0«C(J) 

420  CO  TO  1  JO 

'.2  1  2  50  WRITE  !.*>  IT.  I  RASE.  '  Pathlangth.  (cm)  '  .  HELL. .  ' 

422  READ  (  l  ,  *  ,  ERR-250)  PATH(J', 

421  CO  TO  190 


36 


Error  Messages  i  Returns  To  Menu 


426  C 

427  C 
423  C 
429  C 

43  0  C 

431  2o0  TITLE-'  Cone  or  Path  -  00  * 

432  CO  TO  230 

433  270  TITLE-’  Spectra  are  MISMATCHED:  ' 

434  CO  TO  290 

435  230  TITLE-’  Spectrum  is  ABSENT:  * 

436  230  VR1TE  (1,*)  UP , ERASE . TITL£{ 1 : 26) . BELL,  ’ _’ 

437  CALL  Wa  i  t  (  2 . 0 1 

438  MUTE  ( \  .*) 

439  CO  TO  70 

440  C 

441  C  - - - - - - - . 

442  C 

4-*3  c  Display  Instrument  Settings 

444  C 

445  C  - 

446  C 

447  300  IF  (  ,'Sstat  (  1  )  NE.  ’VALID'  )  AND.  (Sstat  (2)  .NE.  ’VALID”)  )  CO  TO  230 

448  310  MUTE  UP.F.XASE,*  S  pec  t  rum  ».  (1  or  2):  ’  ,  SELL  .  ’  _  ’ 

449  READ  (  1  .  ’  <  1  2)  ’  ,  ERR— 3  1  0  )  J 

450  IF  ‘i  SE  1) .AND. <1  NE. 2))  CO  TO  310 

451  IF  Sstat  J  NE. ’VALID’)  COTO280 

452  BAN&-VAR I  ABLE ' J , 10) 

453  CA I N— VAR ! ABLE( J . 6) 

4  54  String—  Pstr(",..*>  ARAM  (  J  ,  7 )  ♦  1 ) 

455  k-1 

4*6  If  F ARAM t  J  n  NE  .  01  THEN 

4  57  St  r ing-Ptt  T'  S. PARAM( J . *)♦! ) 

4  58  k-ll 

4  5  9  INI)  IF 

460  CALL  Val  String,  PVA.X ) 

46  1  I’M  |  N— VAR  I  A  FI  (  J  ,  k  ) 

46  2  FMAWA4 1  N»PVA.X 

463  k-l i 

464  if  FAR  »Mi  J  6  f  <>  4  •  k  - 1  0 

465  St  r  I  r.g-Fst  r  k  FAR  AM  >  J  k  »l> 

466  AS  ITF  /  1  ,  *  H*  .  i  l.K  ,  ' 

46  7  T 1 T I  I  — '  I n  s  t  r .  ime  nt  Settings’ 

i  6  8  rAl  E  renter' TITI  I) 

4  69  CALL  Line' 5 0 ) 

*70  W1TE  '  1  .  •  I  T20.  AS.  T40,  A''  ’  )  ’  FUNCT  I  ON  ’  ,  ’  SI  TT  I  NO  ‘ 

*’I  '  A|  L  I.INF.I  501 


4L2 

AIM  T  F  ■ 

i  •  ! 

4  7  3 

*sm  < 

1  32'n 

'  »AV1  I  I  N<  TM  I  IUI  TS 

(MIN  I  1  V»A\ 

4  ’4 

AS  i  T  r  ■ 

1  .  3  '  )  I 

■  < v  n i na  n 

’  Fst  r  (  1  .  far  AM.  J  1 

475 

as  l  T  r 

1  .  3  ’  0  4 

'  A 11  %  r  |  \  S  A 

■  .  Fst  n  2  .  F A K A M (  J  .  : 

4  "6 

ah  in  i 

1 , 116) 

’  S<  AN  S  A  1 1  nei,  sec  ) 

’  Fst  r ■  3  FAR  AM  1  J  1 

477  WRITE  (1,330)  ’CHART  D I S PLAY  (no/cm) . . ’ . Pst r (4 . PaRAM< J , 4)  +  l ) 

478  WRITE  (1.330)  '  REFERENCE  MODE . '  ,  Ps t  r  (5 ,  PAJtAM(  J  ,  5 )  + 1 ) 

4'9  WR !  TE  (1,340)  '  SEW  (na),  CAIN . BAND, .CAIN 

4;)  WRITE  (1.330)  '  PLN  FUNCTION . '  .  Pst  r  ( 6  .  PARA,M(  J  .  6 )  + 1 ) 

481  WRITE  (1,340)  PLN  LIMITS  (Min, Max) . . . * , PMIN , * . ’ . PMAX 

482  IF  (PWRAM(J ,6) .CT. 1)  WRITE  (1,350)  UP, ERASE .String 

4  S  3  WRITE  ,  1 , 3  20 )  ' RES  PON SE  TIME  (sec) ....*, Pst  r( 1 5 , P  4  RAM ( J , 1 5  -I 

434  WRiTE  (  1,330)  '  ELAM  INTERCHANCE . ' , Pst  r ( id , PARAM( J , 16  -1 

435  WRITE  (1,330)  'SLIT  HEIGHT . '  ,  Pst  r  ( 23  ,  PARAM(  J  ,  23 )  ■>■  1  ; 

436  WRITE  (  1,330)  ’LAMP  SELECT . ’  ,  Ps  t  r  ( 2 1 ,  P  ARAM  ( J  ,  2 1 )  +  i ) 

437  WRITE  (1,330)  ’DETECTOR  SELECT . ’  ,  Pst  r  (22  ,  PARAM(  J  .  22 )  + 1 ) 

433  320  FORMAT  (T1 5 , A23 , T40 , F5 . 2 , A, F5 . 2) 

439  330  FORMAT  (T1 5 , A23 , T40 . Al4) 

490  340  FORMAT  (T1 5 , A23 , T40 . F4 . 2 , A . F5 . 2) 

491  350  FORMAT  (T40 , A2 , A2 , Al 4) 

492  WRITE  (1,*) 

493  CALL  Line (50) 

494  WRITE  (1 ,*) 

495  360  WRITE  ( 1 , ’ (T14 , A2.A2 ,A23 , A. A) ’ )  UP. ERASE, 

*96  (m‘  Press  RETURN  for  MENU:  ’,BELL,'_’ 

497  READ  (1,99)  I  code 

493  IF  ( I  code . NE. ’  ’ )  CO  TO  360 

499  CO  TO  MLNU 

500  C 

501  C  . . . 

502  C 

503  C  Plot  Mode  Setup 

504  c 

505  C  . . . - . 

506  C 

507  }~0  IF  (Sstet  (J)  NE. ’VALID* )  CO  TO  280 

503  CO  TO  *00 

501  310  IF  ( iSstet ( 1 ) .ME. ’VALID’ ) .0*. (Sstet (2)  NE. ’VALID’ ) )  CO  TO  280 

510  MA T<~H-  TRUE . 

5)1  IF  ".T  T.P'l)  NE  FSTEP(  2 ) )  MATCH- .  FAL* .. 

5)2  IF  '  I'M  I  N  '  1  )  NE.rviNC))  MATCH-  FALSE  . 

51)  IF  .'IMAXm  NE  FMAX  '  2)  )  MATCH-  FALSE. 

5)4  IF  MATCH)  CO  TO  *00 

5)5  CO  T«„  1'0 


’  !  ”  400  TIT!  J  -  P 1  t  Spectrum  e  ’  CHAR  (  J  *  *  8  ) 

5)3  f  ACT*  M  1  «**  i  AT  •  1  ;  •PATH) 1 ) 

5H  Y\a<  K(  D-CCMCl  2)*”ATH(2) 

’20  If  (C,  i,-Je  fQ  1  DS  ’  )  THEN 

5 2 1  IE  (  i  FACTOR  M)  IQ  0  0)  OR  i  FACTOR  (  2  >  EQ  0  0))  CO  TO  >0 

'-22  RA  T  I O-f  ACT  or  ( J  )  /  f  ACT  OR  ( 2 )  ’  T*mporery  Seel  in*;  factor 

52.)  T I  TLL-’ Dt  f  Terence  Spectrua  Plot’ 

5  2  4  I  NO  IE 

5  2  5  If  '  f  A  ( T  hr  '  j )  re)  0  0)  FACTOR  (J)-l  0  *  AvoM  Dlvlilon  Hv  ,Vr> 

5  2  6  WV  ITT.  <  l  ,  •  ;  H  A<r. .  CI.R  ’ 

5  2"  <"  A!  I.  <"*mer'  TIT!  t) 

‘  2*  OAl  I,  1. 1  ne  f  Nf  ) 

'■;i  «v  i  t  r  <  i .  • )  rx  .  rx 


530 

WRITE  (1  .  ’  (T10.A32)  ’  )  ’X-scale  units:  N  .  .  . 

. .Nanomet  res ’ 

531 

WRITE  (1  .*) 

532 

WRITE  (1  .  ’  (T26.A17)*)  ’  W . 

Wavenumbers ‘ 

533 

-RITE  (1 .*)  DC*N 

534 

410  A’RITE  (  1,420)  UP.  ERAS  F.  ’Code: 

’ .BELL, ’_’ 

5  35 

420  FORMAT  ( T;  9  . a2 . A2 , A? , A , A) 

5  36 

READ  1  , 99)  Xcode 

5  3  7 

CA  L  L  U  p  p  «*  r  ( Xc  0  de  ) 

538 

IF  (Xcode . EQ. ’  W’  )  THEN 

539 

WRITE  (1,*)  UP, ERASE, UP. UP, ERASE. UP. UP 

540 

WRITE  (1 . ’ (T26.A2.A2. All) ’ ) 

UP, ERASE, ’Wavenumbers’ 

541 

Xord-’  (ca-l)‘ 

542 

AVAX-R2(T4/FMIN;'J)  ) 

543  «UIS-R2(T4/F\UX(J)) 

544  CO  TO  430 

545  END  IF 

546  ! F  ' Xcode . NE. ’ S’ )  CO  TO  410 

547  .OR  1  T£  (1,*)  UP,  ERASE.  UP,  UP.  ERASE.  UP.  UP 

548  -RITE  i  1  .  '  (T26.A2.A2.A10)’)  UP ,  ERASE,  '  Nanome t  res’ 

549  Xord— '  (nra)  ‘ 

550  WMAX-Rl  (FMAX(  J)  ) 


551 

552 
554 

554 

555 

556 


WM 1  N— 8  1  (  FV I N  (  J  )  ) 

430  NIVNCATAF  J  ) 

STEP— FSTEP ( J ) 

XU : N-WM 1 n 
\MAX-*H4X 

CALL  Xaxi  nXMIN.XUAX) 


!  Number  Of  Data  Points 
!  S  t  ep  S i ze  ( nm) 

!  X-scale  M 1 N /MAX  -  Scan  Limits 

!  Sat  Limits.  Tick  &  Lab* l  Spacing 


557 

C 

558 

WRITE  (1 ,*)  DO*N. DOWN 

559 

WRITE  (1 , ’ (TIO.AJi) ' )  ’ Y- sea  1 e  units:  A.  .. 

.Absorbance ’ 

560 

WRI TE  M . *) 

'*>1 

WRITE  (  1  .  ’  (T26.  A23)  ’  )  ’  E . 

Extinction  Coefficient’ 

2 

WRITE  (!.*) 

56  3 

WRITE  i 1 , ’ (T26. A 19) ’ )  ’ R . 

N  Reflectance’ 

564 

WRITE  '  1 . *  > 

5  >5 

•RITE  \  .  1  T  2  6  .  A  2  0 )  ’  )  ’T . 

H  Transmi ss i on ’ 

5  6 1) 

wR I TE  Cl.*)  DOWN 

Ibf 

440  WRITE  Cl.420)  UP. ERASE, ’Cod# : 

’ . BELL . 

568 

READ  1.99)  Ycode 

'69 

CAI  L  t’ppe  r  ( Ycode  ) 

*> ' r) 

r  , 

Text  — LP  IKAsr/  l P  , UP  '  1  RASE 

3  , UP/ /UP  FRASr 

:/  up '  up' 

ERASE  UP 

572 

IF  fQ  '  DS '  )  THIN 

573 

IF  i  •  Yioili  FO.’K")  OR  (Ycode  EO .  ’  T  ’  )  >  CO  T 

O  4  40 

574 

575 

!  N  D  IF 

576 

IF  ; Ycode  EO  ’A’)  THEN 

577 

Y  *  t  r  t  n  j£— ’  A|15  "iRBANCE  ’  * 

Select  Y-axis 

Labe  1  For 

Plot 

V  8 

k-0 

Ordinate  Mode 

-  Absorbance 

3”9 

11,1  IF  Tcode  LO  ’  E’  )  THIN 

5  80 

K-0  1 

Ordinate  Mode 

-  Absorbance 

5  H  1 

11. '.F  IF  <  Ycode  10  '  R '  )  THIN 

*  H  j! 

1  1 1  r  1  or-  1  H  Reflect  »n<  e  ’ 

5  8  1 

w-1  ' 

Or  1 1  nat  e  Mode 

-  Transmission 

V) 


584 

585 

586 

587 

588 

589 

590  C 

591 

592 

593 

594 

595 

596 

597 

598 

599 

600 
601 

602  C 

603 

604 

605 

606 

607 

608 

609 

610 
611 
612 

613  C 

614 

615 

616 

617 

618 

619 

620 
621 
622 
62  3  C 
624 
62  5 
626 

627 

628 

629 

630 

631 
6  12 
6  1  3 
6  34 
6  15 
')  3  6 


ELSE  IF  (Ycode . EQ. 1 T* )  THEN 
Ystring-’K  Transmission' 
K-l  ! 

ELSE 

CO  TO  440 
END  IF 


Ordinat#  Mod*  -  H  Transmission 


IF  (PARAM(J.l).NE.K)  THEN 
CALL  Rescale(J .K.ND) 
PARAM(J . 1)-K 
END  IF 

IF  (Code . EQ . ‘ DS ' )  THEN 
K-0 

IF  (PARAM<2, 1) .NE.K)  THEN 
CALL  Rescale(2 , K.ND) 
PARAM(2, 1)-K 
LND  IF 
END  IF 


IF  (Ycode.NE. ' E' )  THEN 

(MUTE  (1,*)  Text  ( 1 . 24) ,  UP  !  Erase  Unwanted  Labels 

WHITE  (1 , ' (T26, A2,A2,A13)' )  UP, ERASE, Yst ring 

YMULT-l.O  1  YMULT  Scales  Ext.Coeff.  Mode 

IF  (Ycode.EQ. 'A' )  CO  TO  450 

YOFF— 0 . 0 

YSCALE- 100.0 

CALL  Yaxls( YSCALE, Ycode) 

CO  TO  460 
END  IF 


IF  ( FACTOR ( J ) . EQ .0.0)  THEN 
WRITE  (l . ' (T19.A2.A2.T30.A19, A, A)')  UP, ERASE. 

&  'Cone,  or  Path  -  0.0', BELL. 

CALL  Wait (2.0) 

WRITE  ( 1 .*) 

CO  TO  440 
LND  IF 

WRITE  (1.*)  Text (1 : 24) .UP  »  Erase  Unwanted  Labels 

WRITE  (1 , ' (T26.A2.A2.A22)' )  UP. ERASE. ' Ext  I  net i on  Coe ff i c I ent ' 


450  K-l 

PHAX-0  0 

DO  WHILE  (K.LE.NO)  !  F I nd  Maximum  Absorbance 

NCMBER-Ai J ,K) 

IF  (Code  EQ  'DS')  THEN 

NIXBER-ABS  (  A(  1  ,  K )  -  A(  2,t()*RAT10) 

LND  IF 

IF  (PVAXLT  NUMBER)  PVAX-NUWBEI 
K-R  *1 

I  ND  no 

SCALE-8 3 ( PMAX«0  00 1 )  '  Round  Up  Absorbance  Max'm 

IF  (PVAX.GT  0  01)  SCALE-82 (PVAX*0  01) 

IF  (WAX  CT  0  10)  SCALL-K1  (  PVAX»0  10) 


?  Test  Ordinate  Mode  Of  Spectrum  *J 
!  Rescale  Between  Absorbance  &  »T 
!  Reset  Ordinate  Variable  To  Match 

!  Difference  Spectrum  Mode 
!  Only  Absorbance  Mode  Allowed 
!  Test  Ordinate  Mode  Of  Spectrum  *2 
!  Rescale  To  Absorbance  If  Required 
!  Reset  Ordinate  Variable  To  Match 


40 


!  in.tial  Y-scale  Min’m 
!  Initial  Y-scale  .Max'm 
!  Initial  E-scale  .Max'm 


637  YOFF-0.0 

638  Y SCALE- SCALE 

639  E SCALE- SCALE 

640  IF  (Code.EQ. ' DS  ’ )  THEN 

641  YSCALE-2 . 0*SCALE  !  2  x  Y-scale  for  +/-  Max'm  Range 

642  YCFF-SCALE  !  Set  Zero  Position  At  Half  Y-scale 

643  END  IF 

644  CALL  Tax  i  s  ( YSCALE ,  Yccde  )  !  Set  Tick,  i  Label  Spacing 

645  IF  (Ycode.EQ. 'A' )  CO  TO  460 

646  C 

647  C  . - . — . - . 

648  C 

649  C  Scale  YMULT  for  Extinction  Coefficient  Mode 

650  C 

651  C  . - . . 

652  C 

653  DO  WHI LE  ( ESCALE/FACTOR( J  )  .  LT .  1 . 0) 

654  ESCALE-ESCALE* 1 0 . 0 

655  END  DO 

656  DO  WHILE  ( ESCALE/FACTOR ( J ) .CT. 10.0) 

657  ESCALE-ESCALE/ 10.0 

658  END  DO 

659  RATIO-ESCALE/SCALE  !  Power  Of  10  For  Exponent 

660  YMULT— RATI 0/ FACTOR (J )  !  Scaling  Factor  For  Ext.  Coeff. 

661  CALL  Exponent (RAT  10. Mul t )  !  Convert  Exponent  To  String 

662  C 

663  C  . . . 

664  C 

665  C  Plotting  Routine:  HP  9872A  &  HP  7550A 

666  C 

667  C  - - - - - - - 

6o8  C 


66  9 

460  PU-33 

Plotter  Logical 

Unit  * 

(HP 

9  8  7  2  A ) 

670 

PXCFF— 0 

X-zero  Pot i t 1  on 

Offset 

i.  HP 

9  8 ' 2  A ) 

671 

PYOFF-O 

Y-zero  Position 

Offset 

(HP 

9  8 ' 2  A ) 

672 

IF  ( PN  EQ.2)  THEN 

67  3 

PU-1  7 

Plotter  Logical 

Unit  * 

( HP 

7550A) 

67  4 

PXOFF-200 

X-zero  Pos 1 t i on 

Offset 

(HP 

’550a ) 

675 

Pi'  FF-100 

Y-zero  Pos it  Ion 

Off  set 

(HP 

7550A) 

6  7  6 

END  IF 

677 

WIDTH- l  0 

Char  act  #  r  Meld 

Width  ( 

cm) 

6' 3 

HE  I CHT-2  0 

Character  Field 

He i ght 

(cm) 

679 

1  ."node—  ’  SCI.  1  D' 

Solid  Line  Type 

ON 

680 

Pattern—’  ' 

Broken  Line  Type 

OFF 

681 

Lengt  h— ’  ' 

Not  Used  For  Sol 

1*1  Pattern 

682 

LF-CHAR (10) 

Linefeed  Character 

683 

CR— OTAR (13) 

Carriage  Return 

Character 

684 

C-'  ,  ' 

Data  Separator  In  HP-CL 

Command* 

685 

F  t  x— <‘HA8  (  3  ) 

Label  Mode  Terminator  < 

HP  D 

•  fault 

6  86 

S 1 /#-• S' 

Plot  Size  Default  la  NOTi HCCK 

687 

Van  •—  '  5  ' 

Pen  Speed  fen/ *ec>  For 

Axe  * 

V  #  c  t  n 

688 

f 

• 

> 

Pen  Speed  t,rm/ tec)  For 

Spec 

t  rum 

6  89  C 


WRITE  (1,*)  DOWN , DOWN , DOWN 

470  WRITE  (1,480)  UP , ERASE . ' Press  RETURN  if  plotter  is  ON:  ' , BELL , 1 
480  FORMAT  (T10,A2,A2,A31 ,A,A) 

READ  (1,99)  I  code 

IF  ( I  code . NE. ’  ‘ )  CO  TO  470 

WRITE  (1.  (T10,a2,A2,A21) 1 )  UP, ERASE. ’ Init ial izing  Plotter:' 
WRITE  (PU,*, IOSTAT-N .ERR-9999)  ' DF;  ' 

10(1-1300 

UX2-15500  !  Default  User  Set  Plotting  Boundaries 

UY’-UOO  !  Pi  -  (1300,1200)  &  P2  -  (  15500,9500) 

UY2> 9500  !  For  B-size  Paper  On  HP  7550A  Plotter 


UX2-15500 
ITT1  -1 200 
UY2* 9500 

49C  IF  (SIze.EQ. 'F* )  THEN 
Psize-'FUU.’ 

XP1- l 350-PXOFF 
XP2-1 0000-PXCFF 
YPl-'000-PY7FF 
YP2-7500-PYOFF 
CO  TO  500 
END  IF 

Psiz*-’ NOTEBOOK' 

XP1-1 350-PXOFF 
xp:-850u-p::cff 
YP1-1000-PYOFF 
YP2— 7QOO-PYOFT 


!  FULL  A-sfze  Paper  Plotting  Boundaries 
1  PI  -  (1350, ICOu)  &  P2  -  (10000,7500) 

!  Offset  P1.P2  For  HP  7550a  Plotter 


NOTEBOOK  Slz*  Plotting  Boundaries 
!  PI  -  (USD.  1000)  S,  ?2  -  (8500.7000) 
!  Offset  Pl,P2  For  HP  7550a  Plotter 


LU  *33  Is  device  *2  on 
LU  *17  is  serial  device 


IEEE-488  interface  <*i 
on  HP  MUX  ( 96 u0  Baud,  XOC'/XOFF) 


718 

500 

WRITE  (PU.*VT-510) 

719 

510 

FORMAT  ( ' SP1 ; PU ; VP ; TL1 ;D! 1 ,0; IW; * ) 

720 

WRITE  (PU.*)  ' IP' ,XP1 ,C. 

fPl ,C,XP2,C,YP2, ' ; ' 

7  4.  • 

XI e  ft-' O' 

<  a.  a. 

Xr 1 ght-' *0000' 

723 

XOFF-XM I N 

724 

IF  (XMIN.CT.XMAX)  THEN 

7  25 

X! e  f f -' -10000' 

726 

Xr 1 ght-' O' 

7  ^  7 

XOFF-YMAX 

728 

FND  IF 

"  29 

XMULT-r 4/(  XMAX-XM  IN  ) 

1  Scales  User  Units  To  0-10000  Range 

7  30 

Y 1  o*  'O' 

!  YMULT  It  Set  In  Y-scal#  Routines 

731 

Y t  op— '  1 0000 ' 

!  For  A  Scaled  Range  Of  0-10000  Units 

732 

WRITE  (PU.*'  'SC' .Xleft , 

'  , ' ,Xrl ght , ' . ' ,Ylo*, ' , ' . Ytop ,  '  .  ' 

7  33 

RAT 1 0-0  6 

734 

LW I DTH-W I DTH*RAT I O 

!  LITTLE  Size  Characters  Default  To 

735 

LHE I  CRT -HE  I CHT *RAT  I O 

1  0,6  Of  The  User  Set  Character  Size 

,36 

RATI04  0/3,0 

737 

UW!DTW-WIOTH*RATIO 

!  B1C  Size  Characters  Are  Kept  In 

738 

BHF I CHT-HE I CHT ‘RAT  I 0 

!  Proportion  To  The  liter  Set  Size 

7  39 

WRITE  (PU. «)  ' SR' , WI DTH , 

'  ,  '  .HEIGHT,  '  ;  VS  '  .  Vat'ts  ,  '  :  ' 

5  20  WRITE  (1,*)  HOtE.CLR, '_' 
CALL  Llne(NCOL) 


42 


743  WRITE  (1,530)  *  CODE' FUNCTION 1  MIN*  MAX’ INC’ 

744  530  FORMAT  (T4 , a4 ,T1S , A8 ,T40 , A3 ,T5C, A3 ,T60  .  A3) 

745  CALL  Line(NCOL) 

746  WRITE  (1,540)  'PL',' . Plot  Liaits . ’.WN.WX 

747  WRITE  (1,540)  -XS',' . X-sca!e . '.XMIN.XMAX 

748  IF  (Xcode.EQ. 'S' )  WRITE  ( 1 , ' (T20 , A2 . A5) ' )  UP.’  (na)  ' 

749  IF  (Xcode.EQ.  "W  )  WRITE  ( 1 , ' (T20 . A2 , A14) '  )  UP,'  (ca-1)  x  IE-3' 

750  WRITE  (  1,550)  'XT'.' . X-tick  Spacing . . '  ,  FXT ,  LXT  .  X  t  i  c  k 

751  WRITE  (  1,550)  'XL',' . X-label  Spacing . ’  ,  FXL ,  LXL,  XI  ace  I 

752  WRITE  (1 ,*) 

753  WRITE  (1,560)  ’YS\’ . Y-scale . ’, 

754  6(-Y0FF*YMULT) , (YSCALE-YOFF) *YMULT 

755  IF  (Ycode.EQ. '£' )  WRITE  ( 1  ,  ’ (T20 , A2 , A9 , A5)  '  )  UP,'  (Ext)  x  '.Muit 

756  WRITE  (  1,570)  'YT' .  ' . Y-t  i  ck  Spac  i  ng . ', 

757  &(FYT-YOFF)*YVULT,  (LYT-YOFF)*YMULT, Yt  ick*YMULT 

758  WRITE  (  1  570)  'YL'.' . Y-label  Spacing . '. 

759  &(  FYL-YCrF) *YMULT  ,  ( LYL-YGFF) *YMULT ,  Y 1  abe  1  *YMULT 

760  WRITE  (1 ,*) 

761  WRITE  (1,580)  'CS',' . Char. Size  (Width, Height )• .WIDTH, HEIGHT 

762  WRITE  (1,600)  'PV',’ . Pen  Velocity  (Axes , Spec )’, Vaxes , Vspec 

763  WRITE  (1,590)  'LT',' . Line  Type . ’  ,  Lrnode  ,  Pat  t  e  rn  , 

764  fuLength 

765  WRITE  (1,590)  'AX’,' . Axes  Size . ’.Psize,’  '.'  ' 

766  WRITE  (1,610)  'AN'.' . Annotate  Plot . ' 

767  WRITE  (1,610)  'PA’,' . PLOT  /‘IS . ' 

768  WRITE  (1,610)  'PS'.' . PLOT  SPECTRIN  . * 

769  WRITE  (1.610)  'CD'.* . DICIT!  ZE/Di  SPLAY  DATA.  .  .  ’ 

770  WRITE  (1,610)  'EX',' . EXIT  PLOTT INC  MODE . ‘ 

771  540  FORMAT  ( T3 , A2 . T7 . A30 . T40 . F4 . I . T50 -F4 . 1 ) 

772  550  FORMAT  ( T5 , A2 . T7 , A30 . T40 , F4  2  ,  T50 ,  F4 . 2 . T60 , F4 . 2 ) 

7-3  560  FORMAT  ( T5  ,  A2  .  T7  ,  A30  ,  T40  ,  F5 . 3  .  T50  ,  F5 . 3 ) 

774  570  FORMAT  ( T5 . A2 . T7 , A)0 . T40 . F5 . 3 . T50 . F5 . 3 , T60  ,  F4  3) 

775  580  FORMAT  (T5 , A2 , T7 . A30 , T40 . F4 . 2 . T50 . K4 . 2 ) 

7~6  5  90  FOR.MAT  (  T5  .  A2  .  T7  .  A30  .  T40  .  A8  .  T50  .  AO  .  T60  ,  A6 ) 

-77  600  FO-  -AT  7 T5 , A2 , T7 . A30 , T40 . A2 , T50 , A* ) 

778  610  FORMAT  7 T5 . A2 , T7 , A30 ) 

779  CALL  Line(NCOL) 

780  WRITE  (1,*) 

781  620  WRITE  (!.♦)  UP, ERASE. '_' 

7  82  WRITE  (1 . ’ (T3.AI5.A.A2)' )  'Enter  t he  O TF  '  . BELL . ' 

7  8  3  READ  7  1.80)  Erode 


7  8  4 

-  8  6  C 

CAI 

.L  llppe 

r  7  Prod#  ) 

"86 

IF 

7  Prod# 

to 

'  PL'  ) 

7,0 

TO 

-no 

-87 

i  F 

' Prod# 

LO 

‘XS-  ) 

CO 

TO 

7  20 

7  88 

IF 

7  Pcode 

to 

•XT'  ) 

CO 

TO 

7  30 

7  89 

IF 

7r . 5de 

to 

'  XL'  ) 

CO 

TO 

■740 

790 

i  t 

i Pcode 

EQ 

’  YS '  ) 

CO 

TO 

760 

791 

1  F 

7  P-r,d« 

I  O 

'YT'  ) 

710 

TO 

817) 

’■>2 

1 1 

7  Erode 

10 

’  YL'  ) 

(.<) 

TO 

829 

79.) 

1 1 

( Pcode 

1.0 

’OS') 

7,0 

TO 

8  4  0 

794 

i  r 

7 P' od# 

to 

'  PV '  ) 

07) 

TO 

350 

’95 

1 1 

Prod# 

IO 

•LT'  ) 

07) 

TO 

360 

1 
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796 

IF 

(Pcode.EQ. ’AX’) 

CO 

TO 

890 

797 

IF 

(Pcode.EQ. 'EX' ) 

CO 

TO 

980 

793 

IF 

(Pcode.EQ. ’PA* ) 

CO 

TO 

1000 

799 

IF 

(Pcode.EQ. ’AN’ ) 

CO 

TO 

1100 

800 

IF 

(Pcode.EQ. 'PS' ) 

CO 

TO 

2000 

SOI 

IF 

(Pcode.EQ. 'CD' ) 

CO 

TO 

3000 

802 

CO 

TO  500 

803  C  . 

804  700  WRITE  (1,*)  UP.ERASE,'  Plot  Limits:  (Min, .Max)  '.BELL,'  * 

805  READ  (1,*,  EM-700)  WN.WX 

806  CALL  Order (WN.WX) 

807  710  IF  ((WN.LT.WMIN) .OR. (WN.CT.  WMAX) )  WN-WMIN 

808  IF  ((WX.LT.WM1N) .OR. (WX.CT.WMAX))  WX-WMAX 

809  CO  TO  500 

810  C  - - - — . - . 

811  720  WRITE  ( 1 ,  *)  UP.ERASE,'  X-scale:  (Min, Max)  ' , BELL, 

812  READ  (1 ,*,ERR-720)  XM I N , XMAX 

813  XN-XMIN  !  X-axis  is  Bidirectional  So  Only 

814  XX-XMAX  !  XN.XX  Are  Ordered  For  Tick  &  Label 

815  CALL  Order (XN.XX) 

816  CALL  Xaxis(XN.XX)  !  Set  Limits,  Tick  &  Label  Spacing 

817  CO  TO  710 

318  C  . 

819  730  WRITE  (1,*)  UP.ERASE,'  X-tick:  (FI rst . Last , Space)  ’ .BELL, 

320  READ  (1 ,*.ERR-730)  XN.XX.Xtick 

821  CALL  Order (XN , XX) 

322  IF  ((XN.LT.LMIN) .OR. (XX.CT.LMAX))  CO  TO  730 

823  Xt lck-ABS(Xt ick) 

824  FXT-XN 

825  LXT-XX 

326  Xl a  be ! -Xt ick 

327  CO  TO  750 

328  C  . 

329  740  'WRITE  (1,*)  UP.ERASE.’  X-iabel:  (Fi rst .Last .Space)  '.BELL.'.’ 

330  READ  (1 .*,ERR-740)  XN.XX.Xlabel 

331  CALL  Order (XN.XX) 

332  IF  ((XN.LT.LMIN) .OR. (XX.CT.LMAX))  CO  TO  740 

833  X 1  a  be  I —A  BS ( X l a  be  I ) 

334  730  FYL-XN 

3  3  3  LXL-XX 

836  CO  TO  500 

3  37  C  . 

338  760  WRITF.  (1,*)  UP. ERASE,’  Y-scale:  (Min. Max)  '  ,  BELL .  ' 

339  READ  ( 1 , * , ERR-760)  YN.YX 

340  CALL  Order (YN.YX)  (  Y-scale  Is  Uni d l rect I ona I 

841  EOFF— YN 

842  IF  (Ycods.NE. 'E*  )  C"’  TO  800 

343  770  WRITE  (1.730)  UP. ERASE.’  Ext . Coe ff . Scale :  \Mult. 

344  6' ;  (U  . .UP  /  D. .  Down  /  A, .  Accept)  ?  * .BELL. 

845  780  FORMAT  (A2.A2,A20.A6,AJ7,A,A) 

346  READ  (1.99)  I  code 

347  CALL  Upper (I  code) 

343  IF  ( I  code  IQ.  ' A1  )  CO  TO  300 


44 


] 


849 

850 

851 
352 

853 

854 

855 

856 

357 

358 

359 
860 
361 
862 

863 

864 

365 

366 
867 

368 

369 

870 

87 1 

872 
373 

874 

875 

876 

877 

878 

879 

880 
881 
882 
883 
384 
885 
386 
8  87 
888 
889 
,8  70 
891 
89  2 

893 

894 
89  5 

896 

897 
39  8 
899 


790 


800 


810 


IF  ( I  coda .EQ. ’ U’ )  THEN 
EMULT—10 . 0 
CO  TO  790 
END  IF 

IF  ( I  code . EQ . *  D* )  THEN 
EMULT-0 . 1 
CO  TO  790 
END  IF 
CO  TO  770 

ECCAL£-£SCAL£*EMULT 
RAT I O-ESCALE/SCALE 
YMULT-RAT I O/FACTOR ( J ) 

CALL  Exponent (RAT  10, Mul t ) 
CO  TO  770 

YSCAL£-( YX-YN) /YMULT 
YOFF-EOFF/YMULT 
CALL  Yax  i  s (YSCALE , Ycode ) 
CO  TO  500 


Update  Ext.  Coeff.  Scale 
Power  OF  10  For  Exponent 
Scaling  Factor  For  Ext.  Coeff. 
Convert  Exponent  To  String 

YMULT  Alters  Scaling  For  The 
Extinction  Coefficient  Mode 
Set  Tick  &  Label  Spacing 


WRITE  (I.*)  UP, ERASE, '  Y-tick: 
READ  (1 ,*,ERR-810)  YN.YX.Ytlck 
CALL  Order (YN , YX) 

Yt 1 ck-ABS (Yt ick) /YMULT 
FYT-(YN+EOFF) /YMULT 
LYT-  (YX+EOFF)  /rMULT 
Y1 abe 1 -Yt i ck 
CO  TO  830 


(Fi rst , Last , Space )  '.BELL, 


820 


830 


840 


850 


' , BELL , 


WRITE  (1,*)  UP, ERASE,'  Y-Ubeh  f  FI  rst  .  Us  t  ,  Space ) 
READ  (1 ,*,ERR-820)  YN , YX, Y1 abe 1 
CALL  Order (YN , YX) 

Y 1  abe  1  -ABS  ( Y 1  abe  1  )  /YMULT 
FYL- ( YN>  EOFF ) /YMUL T 
LYL- <  YX*  EOF F ) /YMULT 
CO  TO  500 


WRITE  (1,*)  UP, ERASE,'  Cher. size:  (Wl dt h , He  I ght )  '  , BELL, ' _' 
READ  (I .♦.ERR-840)  WIDTH, HEICHT 

IF  (Pcode  EQ  'AN')  CO  TO  1140  !  Return  To  Annotation  Mode 

CO  TO  500 


WRITE  (1,*)  UP. ERASE. 

READ  ( 1 , * . ERR-850)  X. Y 
IF  ( (X. LT  I . 0) .OR. (X.CT. 36 
IF  (  <  Y  LT .  I  .91 . OR . ( Y . CT . 3  6 

CALL  StrtX, String, 2) 

Vaxes— St  r i ng( 2 : 3 ) 

CALL  Str(Y. String. 2) 
Vspec«*Strlng(2.3) 

CO  TO  500 


Pen  Velocity.  (Axes , Spect rum) 


,  IU  l.L 


on 

0)) 


CO 

CO 


TO 

TO 


850 

850 
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Lina  Type:  (S 


Solid,  B 


Broken)  ’ 


900 

901 

902 

903 

904 

905 

906 

907 
903 

909 

910 

911 

912 

913 

914 

915 

916 

917 

918 

919 

920 

921 

922 

923 

924 

925 

926 

927 
,  923 

929 

930 

931 

932 

933 

934 

935 

936 

937 
933 

939 

940 

941 

942 
94  3 

944 

945 

946 

947 

943 

949 

950 

951 

952 


860  WRITE  (1,*)  UP , ERASE , ' 
&BELL, 

READ  (1,99)  I  code 


CALL  Upper (I code) 

IF  ( I  code  .  EQ.  ’S’  )  THEN 
Lnode— ' SOLID' 


Pattern-'  ' 


Length-'  ' 

WRITE  (PU,*)  'LT;' 

CO  TO  50Q 
END  IF 

IF  (Icode. NE. ' B' )  CO  TO  860 
La>ode-’  PATTERN' 

870  WRITE  (1,*)  UP, ERASE,'  Pattern  #:  (1-6)  \BELL,'_' 

READ  ( 1 , * ( 1 2) *  , ERR-870)  N 
IF  ((N.LT.l) .CR. (N.CT.6))  CO  TO  870 
NUMBER-FLOAT (N) 

CALL  St r (NUMBER, St  ring, 1) 

Pat  t#rn( 1 : 1 )-'  #' 

Pattern(3:3)-String(2:2) 

880  WRITE  (1,*)  UP, ERASE,'  Pattern  Length:  (0-lQ)H  ',BELL,'_' 
READ  (1 ,*,LRR-880)  NUMBER 

IF  ((NUMBER. LT. 0.0) .OR. (NUMBER. CT. 10.0))  CO  TO  880 
CALL  St  r( NUMBER, St  r i rg, 2) 

K-2 

DO  'WHILE  (String(K:JO  .NE.  '  ') 

K-K+l 
END  DO 

Lengt h~S t r i ng(2 : K) 

WRITE  (PU,*)  'LT' , Pat tern(3 : 3) , ' , ' .Length, ' ; ' 

Lengt  h(K : K)— ' H' 

CO  TO  500 


390  WRITE  (1,*)  UP, ERASE,'  F . . .  FULL ,  N. . .NOTEBOOK,  U. .  .USER  SET  ? 

SHELL , ' _' 

READ  (1,99)  Size 
CALL  Upper(Slze) 

IF  (Size. EQ. ' F' )  CO  TO  490 
IF  (SIze.EQ. 'N' )  CO  TO  490 
IF  (Size  NE. 'U' )  CO  TO  890 
Piize-'USER  SET’ 

900  WRITE  (!,*)  UP, ERASE,’  Lower  Left'  (X,Y)  -  ' 

WRITE  (1,910)  UXl.'.'.UYl.BELL.V 
910  FORMAT  (15. A, 13.*  :  A... Alter  or  RETURN  7  ',A,A) 

READ  (1,99)  Icode 
CALL  Upper ( Icode) 

IF  ( Icode. EQ. '  ' )  CO  TO  940 
IF  ( [code .NE. ' A' )  CO  TO  900 
920  WRITE  (1.930)  UP , ERASE , BELL.  '  7  ' 

930  FORMAT  ( T23 , A2 . a2 , A . A3 ) 

RF.AD  (1  ,  *  .  ERR-920 )  UXl.UYl 
ioci-Ans(Uxi ) 

UYl-ABS(irrl ) 


953  940  XP1-UX1 

954  YP1-UY1 

955  IF  (XP1 .CT. 16000)  CO  TO  920 

956  IF  (YP1 .CT. 11400)  CO  TO  920 

957  950  WRITE  (1,*)  UP, ERASE Upper  Right:  (X.Y)  -  ' 

958  WRITE  (1,910)  UX2 . ' , ' , UY2 , BELL , 

959  READ  (1,99)  I  code 

960  CALL  Upper (i code)  . 

961  IF  ( I code . EQ. ’  ’)  CO  TO  970 

962  IF  (Icode.NE. 'A' )  CO  TO  950 

963  960  WRITE  (1,930)  UP, ERASE, BELL, ’ ?  ’ 

964  READ  (1 ,*,ERR-960)  UX2 ,  UY2 

965  UX2-ABS ( UX2 ) 

966  UY2-ABS(UY2) 

967  970  XP2-UX2 

968  YP2-UY2 

969  IF  (XP2.CT. 16000)  CO  TO  960 

970  IF  (YP2.CT. 10100)  CO  TO  960 

971  IF  ( (XP1 . CE.XP2) .OR. (YP1 . CE . YP2) )  CO  TO  900 

972  IF  ((XP2-XP1) .LT. 1000)  CO  TO  900 

973  IF  ((YP2-YP1) .LT. 1000)  CO  TO  900 

974  CO  TO  500 

975  C  . . . . . 

976  980  WRITE  (PU,*)  'SPO;‘ 

977  CLOSE  (PU, IOSTAT-N , ERR-9999) 

978  CO  TO  MENU 

979  C 

980  C  . - . 

981  C 

982  C  AXES  PLOTTINC  ROUTINE 

983  C 

984  C  -  Seal ing  Is  ON  - 

985  C 

986  C  Y-axis:  0-10000  user  units 

987  c  X-axis:  0-10000  user  units  (increasing  ->  r1ghf- 

988  C  -10000-0  user  units  (decreasing  ->  right) 

989  C 

990  C  -  Only  Integral  position  values  are  sent  in  PA  commands 

991  C  for  compatibility  with  early  model  HP  plotters. 

992  C 

993  C  -  XMULT  6  YMULT  variables  scale  data  to  10000  digits 

994  C  for  full  scale,  ensuring  that  no  round-off  errors 

995  C  affect  plotting  resolution  on  early  model  HP  plotters 

996  C  which  do  not  accept  decimal  fractions  in  SC  or  PA. 

997  C 

998  C  -  Real  6i  Integer  values  are  sent  within  the  HP-CL  commands 

999  C  as  appropriate  -  some  computers  send  extra  nulls  In  these 

1000  C  modes  causing  errors  on  early  HP  plotters.  In  such 

1001  C  cases  the  values  must  be  converted  to  string  literals 

1002  C  first  The  present  form  works  correctly  on  t  lie  HP1000. 

1003  C 

1004  C  . 

:oo5  r 
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1006  1000  WRITE  (1,*)  UP, ERASE,'  Plott ing  Axes :  \BELL,'_' 

1007  WRITE  (PU,*)  'VS' .Vaxes, ’ ;LT;PA‘ ,Xleft ,C,Ylow, '"PD; ' 

1008  WRITE  (PU,*)  'PA' , Xr i ght , C, Ylow, C,Xri ght ,C,Ytop,C,Xleft ,C,Ytop,C, 

1009  &Xleft .C.YIow, ' ;PU; ’ 

1010  DX-1E-5*ABS(XMAX)  !  Delta  X  &  Y  ensure  completion  of 

1011  DY-1E-5*ABS(YSCALE)  !  DO  loops  with  fractional  steps 

1012  C  . — . — . - . - . 

1013  DO  1010  V-FXT , LXT+DX, Xt i ck 

1014  I — R0 ( (V-XOFF)*XMULT) 

1015  WRITE  (PU,*)  1  PA' , I , ' , ' , Ylow, ' ;XT; ' 

1016  1010  CONTINUE 

1017  C  . . . — . . . 

1018  DO  1020  V-FXL, LXL+DX,Xlabe 1 

1019  l-R0((V-XOFF)*XNULT) 

1020  WRITE  (PU,*)  'PA' , I , ' , ' .Ylow, * ; ' 

1021  X-R2(V) 

1022  CALL  Str(X, String, 4) 

1023  C 

1024  C  Fina  *  of  digits  in  string,  ignoring  sign  &  trailing  blanks 

1025  C 

1026  K-2 

1027  DO  WHILE  (String(K:K) .NE. '  ') 

1028  K-K+l 

1029  END  DO 

1030  X-( FLOAT (K-2)-0.33)/2.0 

1031  WRITE  (PU,*)  'C?' ,-X,' ,-l;LB',StrIng(2:K-l),Eix 

1032  1020  CONTINUE 

1033  C  . 

1034  IF  (Xcode.EQ. 'N')  THEN 

1035  Xst ri ng-' Wave  length  (ran)' 

1036  COFF— 7 .5-0 . 33 

1037  END  IF 

1038  IF  (Xcode.EQ. 'W' )  THEN 

1039  Xst r i ng-' Wavenuaber  x  10' 

1040  COFF-7 . 5+0 .75-0.33 

1041  END  l F 

1042  String-'  5000' 

1043  IF  ( XJ4ULT .  LT .  0 . 0 )  St  ring-’ -5000’ 

1044  WRITE  (PU,*)  'PA' , St  r I ng( 1 : 5) , ' . ' .Ylow, ' ; SR' . BWl DTH, C, BHEICHT .  ; ' 

1045  WRITE  (PU,*)  ’CP' . -COFF, ' ,-2;LB* .Xstring, Etx, 

1046  SR’  .WIDTH,  .HEIGHT,  ';  ’ 

1047  IF  (Xcode.EQ. 'S' )  CO  TO  1030 

1048  WRITE  (PU.*)  'CPO, .5,18-3' .Etx 

1049  C  . - . 

1050  1030  DO  1040  V-FYT , LYT+OY , Yt I ck 

1051  !-R0(V*T4/YSCAL£) 

1052  WRITE  (PU,*)  ' PA' ,X!eft . ’ , ' , I . ' ;YT; ' 

1053  1040  CONTINUE 

1054  C  . 

1055  DO  1050  V-FYL.LYt »0Y.Y label 

1056  Y-R3(V-YOFF) 

1057  IF  (Ycode.EQ. ’ E’ )  THEN 

1058  Y-R2 ( ( V*  YOFF) *ESCAL£/ FACTOR ( J)/SCALE) 

1059  END  IF 


1060 

1061 

1062 

1C63 

1064  C 

1065  C 

1 066  C 
!  067 
1068 

1069 

1070 

1071 

1072 
10  73 
lu74  C 

1075 

1076 

1077 

1078 

1079 

1080 
1081 
1082 

1083 

1084 

1085 

1086 

1087 

1088 

1089 

1090 

1091 

1092 

1093 

1094 

1095 

1096 

1097 

1098 
1009 
1100  C 
1  101 

1  102 

1103 

1104 

1105 

1106 

1107 

1108 
1  109 
1110 
mi 


I-R0(V*T4/YSCAL£) 

WRITE  (PU,*)  ' PA'  .Xleft , ' , ’ , I , '  ; * 

CALL  Scr(Y, String, 4) 

IF  (String. EQ.  '  0.0')  String-’  O' 

Find  *  of  digits  in  string,  ignoring  sign  &  trailing  blanks 

K-2 

DO  WHILE  (String(K:K) .NE. ’  ') 

K-K+l 
END  DO 

Y-FLOAT(K-l )  +  .  33 

WRITE  (PU,*)  ' CP* , -Y, ' , - . 25 ; LB* ,String(l:K-l),E*x 
1050  CONTINUE 


WRITE  (?U,*)  ’ PA’ ,X1 « ft , ’ , 5000 ; SR' , BWIDTH, ' , ' , BHF I GHT , 

V ; CP-5, 0;DI0, 1 ; ' 

IF  (Ycode . EQ. ’E’ )  THEN 
K-5 

IF  (Mult (5:5) .EQ. '  ' )  K-4 
IF  (Mult (5:5) .EO. ' . ' )  K-l 
Yst  ring—'  '  //Mul  t  ( 1  :  K) 

COFF-(FLOAT(K)*l 3 . 5)/2 . 0-1  .5 
IF  (K. EQ. 1 )  COFF-COFF-O . 5 

WRITE  (PU,*)  ' CP'  , -COFF , ' , 0;CP- . 33 , .5; DRO , -1 ; LB3 '  ,  Et  x 
WRITE  (PU,*)  'DRO,  1  ;CP.33, -.5. LB’  ,Ystrir.g(l  :K+4)  ,  ’  (M'.Etx 
WRITE  (PU,*)  ' CPO , . 25 ; SR’ , W1 DTH, ’ , ' , HEICHT ,  '  ;  LB- 1  '  ,  £t  x 
WRITE  (PU,*)  ' SR' , BWIDTH, ' , ' , BHEICHT, ' ;CP. 5 , - . 25 ; LBcm' ,  Etx 
WRITE  (PU,*)‘  'CPO,  ,25;SR'  .WIDTH,  ',’  .HEICHT,  •  ;LB-l'  ,  Etx 
WRITE  (PU,*)  'SR'  .BWIDTH, ' , ' .BHEICHT, '  ;  ' 

WRITE  (PU.*)  ' CPO ,-.25; LB)' ,Etx,' ;Dll,0;' 

CO  TO  1060 
END  IF 

IF  (Ycode . EQ. 'A' )  X-10 
IF  (Ycod«  .  EQ.  '  R'  )  1C- 13 
IF  ( Ycod« . EQ. 'T' )  R-14 
COFF-FLOAT(K)/2.0-0. 167 

WRITE  (PU,«)  'CP*  ,-COFF,  '  ,0;L8'  ,Ystring(l  :IC)  ,  Etx.  '  ;D1 1 ,0;  ' 
1060  WRITE  ( 1 , *) 

IF  (YOFF.EQ  0.0)  CO  TO  1090 


1070  WRITE  (1,*)  UP, ERASE,' 
■SHELL , 

READ  (1  ,99)  lead. 

CALL  Upp«r(Icod*) 

IF  ( Icod* . EQ. ' N ' )  CO  TO 
IF  ( lcod«  .NE. 'Y' )  CO  TO 
1080  WRITE  (1  ,*)  UP. ERASE, ' 
READ  (  1  ,  *)  X 
IF  ((X.LT. 1 .0)  OR. (X.CT. 
IX-RO(X) 

IZ-R0( YOFF*T4/YSCALE) 


Plot  a  dashed  baseline,  (Y  or  N) 


1090 

1070 

Dash  Length:  (1-5)H  ’,BELL,'_' 
5.0))  CO  TO  1080 


?  1 


49 


WRITE  (PU,*)  *  LT2  ,  *  ,  IX.  ‘  ; PA*  ,Xr  i ght ,  *  ,  1 Z.  ’  ;  PD;  PA"  , X!  ef :  , 

S’ , 1 . IZ. ' ;PU;LT; * 

1090  IF  ( Ps  i 2* .  EQ.  ’ NOTEBOOK ‘  )  CO  TO  1200 
CO  TO  2030 


1  113  C 

I  ■  1  9  C 

II  20  C 

1121  C 

1122  C 

.113  ; 


Annotation.  -  Labels.  Parameters,  Title 


10  AR  i  TE  (1,*)  IP. ERASE,’  L... Labels. 

,  X.  .Exit  ?  ’  .  BELL,  ’ 

READ  (1  ,V9)  (code 
CALL  l^perr Icode) 

IF  ( 1 .  Me.  cQ. ’ T’ )  CO  TO  1 1  10 
IF  (Icode . EO. 'I' )  CO  TO  1120 
IF  (  I  co.le  .  F3  ’  P*  )  CO  TO  1200 
IF  / Icode. EQ. ’X’ )  CO  TO  2080 
CO  TO  1 i CO 


P. . . Parameters , 


'...Title 


10  TIT;  r.-LA2EU  .’) 

WRITE  (M  ,  '  (a:,a2.A-mA72,T76.A>' )  UP. ERASE. •  7  <  ’  ,  TITLE  ,  ' 
-RITE  (1 , ’  CM . A2. A. a) ' )  UP , EZLL, * _ ' 

R FA 0  '1,1201  TITLE 

IK  'TITLE. £Q ’  ‘1  T1 TLI-LABEL( J) 

-RITE  (l.*»  U?, ERASE,  ’  Plotting  Title:’,  BELL 
K-7  2 

DO  AH  I  L£  (TIT  LK  1  V  :  X)  EQ .  ’  ’  ) 

'.-k-i 

f.'.’j  r.o 

<  ■  I  :  -M.  ;,AT  XQ2  0 
IX-MCO 

1 1  ■  SV!  LT  IT  0.0>  IV— 5(300 


.14’ 

i  r  r 

TO  ’  NOTEBOOK’  ) 

IY- 

;  4  '! 

AV  I  TF  ■  P’J 

.  *1  '  PV  .  IV.C.  Yt  ip. 

1  4) 

*v ; ;r  pu 

.♦)  M3',  T!TI.E( 

1  X) 

!  '  0 

i  *■  \  r 

.o  r  i  >  l :  .1 

0 

*  <  ") 

!  !  10  AVI  Tf  I  . 

■  a  2 . A2 .  A 1  3  ,  T  5  8 

AM 

i  i 

AV  1  TF  <  1  . 

—i 

> 

> 

> 

IT. 

ii** 

RI  AI)  MM 

A  4  0 ) ’  )  Text 

11*5 

IF  'Text 

EQ  '  '  i  CO  TO  1  ICO 

11  56 

K-40 

1157 

DO  WHI1.L 

(Text (K  K)  EQ  ’ 

■ ) 

1  153 

7  M 

!  !  5  ’> 

!»4D  no 

i ;  >  o 

1  !  10  AIM  T F  M  , 

*>  UP. ERASE.’ 

t,a«v# 

IIM 

'.HELL.  ' 

I  1  h  2 

HEATS  /  1  .  '4 l)  )  1 ,  rule 

1  Ml  1 

(  A 1  I.  I.'ppe  r  M  <  <id«  ) 

: :  /» 4 

IE  M-nde 

iq  ' u ■ )  co  ro 

1  1 20 

!  1  M 

II  M  <  ode 

se’i ’ )  co  ro 

1  1  10 

’  ,  |  «  X  t  1  K 


■>'  Y  nr  S'  ' 


1140  WRITE  (!,*)  UP ,  ERASE ,  *  C . . . Char . s I ze . 
St  ’  V .  .  .  Vp  1  o  c  ,  X .  .  Exit  ?  ’  .  BELL .  ’ 

READ  (1.99)  Icode 
CALL  Upper ( I  code ) 

IF  ( 1  code  EQ.  ’C’ )  CO  TO  1150 


M .  .  .  Move  ; 


P  . .Plot 


IF  I  code  EQ 


icode  EO 


CO  TO  1150 
CO  TO  1  &0 
CO  TO  11 '0 


Icode  .  EO  T*  )  CO  TO  1  1  iO 


IF  (I code  NE . ’ X1 
CO  TO  1100 


CO  TO  1140 


1150  WRITE  (1,*)  UP, ERASE,'  Char.Si2e  (Width. He i zht )  7  '.BELL. 
READ  (1 . *,EKR-1150)  LWIDTH. LHEICHT 
CO  TO  1140 


1160  WRITE  (1.*)  UP.  ERASE,  1  Coordinate 
READ  (1 . * . ERR-1 160)  X,Y 
I X-R0  < X* 1 00 .0+ ( XV I N-XGFF)*XMULT) 

I Y-R0 ( Y* 1 00  0) 

WRITE  (PU.*>  ' PA’  , IX. ' , ' , IY.  '  ;  ’ 

CO  TO  1140 


.  0-100%:  ;X.Y) 


Special  Entry  Point  Fro«  Digitize  Routine  v Pcode . £0 . ' CD' 
Special  Offset  Control*  Are  Used  For  Digitize  Mode  Labels 


1170  WR I TE  (P’J.*)  'DIO,  1  ,  ’  1  Rotate  Labelling  Axis  '0  Degrees 

11  SO  WRITE  (1  ♦)  UP, ERASE.  C.  Centered.  L.  .  .Left  Justified. 

VR..  Right  Justified  7  '.BELL,'.' 

READ  (1.99)  Icode  • 

CALL  Upperi Icode; 

IF  (  I  code  EQ  'C* ;  THEN 
X-FLOAT  10/2.0 
IF  ; Pcode  EO. ' CD* )  THEN 

<-<-05  !  Alter  Centering  For  Leading  Blank 

IF  k  uT  3\  .'HEN  '  Alter  Centering  F  >r  Labelling  Both 

<••2  ’  X  ■«  v  Coordinates  In  Digitize  Mode 

DO  WHILE  i Text ( I  I '  NE. ’  ’ ) 

1-1*1 

1 N n  DO  1  Find  Space  Between  \  S  Y  labels 


END  DO 

•«  -  .  i .  >a  r  >  i  *  i ) 

r’.U  II 
IND  I) 
i.O  TO  1  1  O 0 
(NT)  If 

If  I  -  ode  IQ  '  R  '  )  THEN 
X-.fl.nAT  tO 

IF  (P'-.,de  IQ  -DC)  THIN 
V-X-:  0 


i  %  n  i  f 


Alter  Right  Justification  To  Stop 
Peak  Label  Writing  1  >s  »  r  Spectrum 


(,Q  TO  1  1  a) 

IND  If 

If  I  .  ode  Nl  '  l.'  ,  C<)  TO  1!  M0 


Convert  X-d  0  To  '0  O'  v I  t  ft  Str 


I 


'1 


IF  (Pcode.EQ. ,DD‘ )  THEN 
X-l  .0 
LSD  IF 


!  Alter  Left  Justification  To  Stop 
!  Peak  Label  Writing  Over  Spectrum, 


,90  CALL  StrCX, String. 4} 

WRI  TE  LP.  ERASE,  '  Plotting  Labe  i  BELL 

*RITE  ■PL,*}  1  SR’  L-IDTH, .LHEiCHT. '  CP'  .String.  1  5  ‘  ■ 

WRITE  { PU ,  *)  ‘LB’ , Text  t i ;k) , Etx. * ;CP0, . 25 ; 0(1 .0 : ‘ 

IF  ( Pcode . EQ. * CD’ )  THEN 

IX-N  I  NT  (T4* FLOAT  (  I  X-Xl  ) /FLOAT (Xl -XI ) *(XMI N-XOFF;  *XMLLT) 
IY-NlNT;T4*FLOAT( IY-Y1)/FL0AT(Y2-Y1  }) 

WRITE  CPU,*)  *  PA’  .  IX,  •  ,  *  .  IY, '  ;  PU ;  ‘ 

CO  TO  3CC0  !  Return  To  Digitize  Routine 

LSD  IF 
CO  TO  1  ICO 


1200  IF  rpstze. EO. ’FULL' )  CO  TO  1100 
1210  WRITE  Cl,*)  LP, ERASE.1  Plot  Parameters 
READ  ( 1 , 99)  l cod# 

CALL  L'pperC  (code) 

IF  ( I  cod# .  EQ . ’S')  CO  TO  1100 
IF  ( I  code . NE . ’ Y’ )  CO  TO  1210 
WRITE  (1,*)  LP. ERASE.*  PI ot t i ng  Paramo 
WRITE  (PL,*)  *  PA*  .Xright .C.Ytop.  *  ;  * 


(Y  or  N)  ?  ’ .BELL, 


1  2  h  3 

c 

1  2b4 

r 

I  2M 

r 

i :  '>h 

r 

i  ihi 

r* 

i : h 

<: 

i  :t>‘» 

r 

1 

<* 

127  1 

r 

;  2"2 

r 

WRITE  CPU.*) 

SCR.LF.LF.  Etx 
WRITE  (PU.*)  ’LB  Date:  '  .  3ATE{  J )  ,  CR .  LF  .  LF .  E*.  x 
WRITE  CPU.*)  'LB  Cone.  (M) :  *  .CGNC(J) .CR.LF,  LF.  Etx 
WRITE  CPU.*)  ' L3  Path  ( cm)  : * . PATH( J ) . CR . LF . LF . Et x 
WRITE  'PU.*'  'LB  Rate  (nm/sec):  ’. 

SPs  t  r  n  P  *  RAM  ( J  .  3)*l )  ,CR.Lr,LF.Etx 
WRITE  cpu.*)  'LB  Period  (sec):  '. 

SP-j t  r  (  I  5  .  P ARAM(  J  .  1  5 ) ♦  1 )  ,  CR  .  LF.LF ,  Et  x 
WRITE  CPU,*)  ' L3  Ref.  Mod#'  '. 

‘.Pit  r  (  5  .  P*PAM(  J  .  5 )  *  1 )  .  CR ,  LF,  LF,  IT  x 
WRITE  CPU  *)  ' LB  Beam  Mode:  ’  . 

'.Pst  r(  In  .  PXRAMC  J  .  1 6  >  ♦  1 )  .CR .  LF .  LF.  Et  x 
WRITE  CPU.*)  ‘ LB  SUW  (nra)  : * , VAR  I ARLEC J , 1 0 ) . CR . LF , LF , El \ 

WRIT!  CPU.*)  ‘LB  Silt  Cain  *  .  VAC.  I  AltLEC  J  .  0  .  ,  <~R  .  LF  ,  IF  ,  Et  x 
WRITE  'PU  *)  'LB  Silt  Height  *, 

‘.Pit  r  c  2  3  .  PARA.MC  J  .23)*I )  .Etx 
f,0  TO  MOO 

»*••***»•*««•*««*«*  r.vn  of  axis  plotting  ********♦*************- 

SPECTRUM  PLOTTING  ROUTINE 

-  Velocity  (.elect  -  5  cm/sen  •Paper’*  .  10  cm/sec  i  Acetate' 

-  Real  var'.bles  ar#  used  in  VS'  commands 

-  Scaling  in  ON  elth  Abeorbance  x  1E4  to  match  axes 

-  Both  Integer  and  String  Numbers  are  used  In  'PA'  commands 

-  HP  1,0  '..•.‘.system  Performs  Binary  •  —  *  ASCII  Conversions 


.ERASE,*  Plotting  Paramot ers : ’ . BELL 
PA'  .Xright .C.Ytop,  *  ;  * 

S  R  .  7  3 , 2  ;  CP0  .  -  .  5 ,  LB 1  ,  LF .  LF  .  *  File  \Fname(J). 


1273  C 

1274  2000  M- 1 

1275  WRITE  (1,*)  UP, ERASE,’  Increase  step  size,  (Y  or  N)  ?  '.BELL,' 

1276  READ  (1,99)  Icode 

1 277  CALL  Uppe r ( Icode) 

1 2'S  IF  ( Icode. EQ. ’N' )  CO  TO  2020 

1279  IF  ( I  code .  NT . ’ Y ' ;  CO  TO  2000 

1280  2010  WRITE  ( 1  ,  * UP, ERASE,'  Step  Multiplier.  (>-l)  .  '  .BELL.  ’_’ 

1231  READ  (1 , ’ ( 13) ’ .ERR-2010)  M 

1232  IF  (M.LT. 1)  M-l 

1233  2020  X-STEP*  FLOAT '  S4) 

1234  CALL  S t r (X, S t r i ng , 4) 

1235  C 

1286  C  Find  »  of  digit*,  ignoring  sign  &  trailing  blanks 

1287  C 

1238  K-2 

1289  DO  WHILE  ( St  r i ng(K : K) . NE . ’  ’) 

1290  K-tO! 

1291  END  DO 

1292  WRITE  (1,*)  UP. ERASE,’  Plotting  Spect  rura  {3  ’,String(2:K-l). 

1293  SC  nm  step*.  ’,BELL.’_’ 

1294  C 

1295  C  . - . - . - . 

1296  C 

1297  C  WINDOW  SETT  INC  ROUTINE 

1298  C 

1299  C  -  Soft  clip  limit*  are  *et  to  PI  &  P2  scaling  coordinates 

1300  C  so  that  off  sea’#  data  do  not  plot  on  graph.  This  should 

1301  C  not  happ«n  normally  sine#  th#  plot  boundaries  are  made  to 

1302  C  -natch  t  h#  X-scal#  limit*  automatically  if  the  latter  are 

1303  C  smaller  than  th#  *can  rang#. 

1304  C  -  Plotter  s#nds  outpjt  parameters  a*  4 , B . C , D, CR , LF 

1305  C  where  (A-D)  ar#  string  integer*  (ASCII),  which  are  read 

1306  C  Into  Integer  variable*  (ASCII  translation  Is  automatic' 

1307  <:  -  Some  computers  h-ndsheke  on  CR  leaving  l,<  In  buffer 

1303  C  in  these  case*  u»e  READ  A.8.C.Q.E  ( N  B.  CHARACTER  E*1 

1309  C  to  clear  plotter  buffer  before  the  next  RE\D  cycle 

13  10  C 

1.311  C  . . . . . . - 

n  12  r 

1313  2010  WRITE  PU.*i  •  VS  ’  ,  Vspec  .  ’  .  OP,  ’ 

13  14  Ri  AD  ( PV  * )  XI  . Y1  . X2 ,  t2 

1.315  WRITE  (  F’U  *  )  ’  IW  .  Yl  .C.Yl  ,C.X2,C.Y2,  ’  ;  ‘ 

1316  IE  Yc  ode  i  0 .  ' N '  )  THIN 

1317  START-RO  <  ■WMAX-  *'X)  /STEP'i  «■: 

1318  }  ! N 1 SH-RO  ( FLOAT ' ND) - ( WN- WMI N 1 / STEP) 

1319  CO  TO  2040 

1320  END  IF 

1321  START-ROt  t  T4  WVIN-T4  .  WN  1  ST!P'»1 

1  3  2  2  E  INI  SH-RO  (  FLOAT -'NO)  -t  T4,  WX  -  T  4  .  WMAX) /S  IT  P) 

1  3  2  3  C  . . . 

1324  ’040  1-0 

1  125  R A  T I  ■  wf  <  h  i  n  ,/I  ACTc-K (  2  ) 


53 


1326 

1327 
1323 

1329  C 

1330 

1331 


DO  2070  K-START , FIN  1 SH , M 
X-W(J ,K) 

IF  (Xcode.EQ. ’N' )  THEM 
X-WX- FLOAT ( I )  *$TEP 
!X-R0( (X-XOFF) *XMULT) 
CO  TO  2050 


Acquired  Wavelength 
Calculated  Wavelength 


I  **  *  2 

1333 

C 

1334 

1335 

2050 

1336 

1337 

1338 

1339 

1340 

2060 

1341 

1342 

2070 

1343 

C 

1344 

2080 

1345 

1346 

1347 

1348 

1349 

C 

1350 

c 

1351 

c 

1352 

c 

1353 

c 

1354 

c 

1355 

c 

13  56 

c 

1357 

c 

1353 

c 

1  359 

c 

1  360 

f* 

1  361 

3000 

1  362 

1  -63 

1  364 

1  365 

1  !66 

1  367 

1  363 

I  3  69 

1  370 

137J 

1372 

1  373 

1  374 

1375 

30 1  c 

1  J"6 

3020 

1  377 

30  30 

1373 

LSD  IF 

X-T4/'WN-FLOAT(  I ) *STEP  !  Calculated  Wavelength 

1X-RO((T4/X-XOFF)*XMULT) 

IF  (Code . EQ. ' DS ' )  THEM 

IY-R0(((A(1 ,K)-A(2,K) *RATIO) +YOFF) *T4/YSCALE) 

CO  TO  2060 
END  IF 

IY-R0(  (A(J  ,K)>YOFF)*T4ASCALE) 

WRITE  (PU,*)  ' PA’ , IX.C, IY. ' ;PD; ' 

I-I+M 

CONTINUE 


WRITE  (P'J,*)  ’  PU;  LT ;  ‘ 
Lmode-' SOLID’ 
Pattern-’  ' 

Length-’  ' 

CO  TO  500 


PLOTTER  D'CITJZINC  ROUTINE 

-HP -CL  command  'OA'  provide*  pen  position  without  using 
the  clumsy  ENTER  key  on  the  plotter. 

-  The  'CP'  f*  'CD'  commends  are  used  with  ENTER  in  cases 
where  the  plotter  Is  remote  from  the  keyboard. 


WRITE  (  1  .*)  HOME.CLR, 

TITLE—' Dl gl t I  2*  Pen  Position* 

TALL  Cent  er  f  T  J TLE) 

TAIL  Llne'NCOL) 

CALL  Digit  I /# ( X , Xcode , Y , Ext .  K) 

WRITE  M  ,3010)  1 X- poe i t Ion  *  ’,X,Xord 
String-'  Absorbance  -  ’ 

IF  (Yoode.EQ. 'R' )  String-'  H  Reflect.  -  ' 
IF  (Ycode  EO  'T')  String-'  H  Transmlt-  ' 
WRITE  (  1  .3020)  Strlng.Y 

IF  ((Ycode.EO  ' A' ) . OR . (Ycode . EQ. ' E’ ) )  THEN 
WRITE  (1 ,3030)  'Ext  Coeff  -  ’ 

WRITE  < 1 . *5  Ext ( J  K) , ’  /M/rm' 

END  IE 

f Ok. MAT  (/.T5.AM.T20  F5.3.A7) 

FORMAT  </,  T5 ,A14 , T20. F6 . *) 

FORMAT  ( / , T 5 . A l 4 ) 

WRITE  H.*)  DOWN 


<1 


1379 

1330 

1381 

1382 
1333 
1384 

13  85 
1386 
1337 
1333 

1389 

1390 

1391 

1392 

1393 

1394 

1395 

1396 

1397 

1398 

1399 

1400 

1401 

1402 

1403 

1404 

1405 

1406 

1407 
1  408 
1  409 
1410 

14  11 
1*12 
1*13 
;  *  i  * 

1415 

1416 
1*17 
1  *  1  H 
1  * ;  > 
1*2!) 
1*21 
1*22 
1*2) 
1424 
U25 
1426 
!  *2^ 
1*23 
i  4  2  9 
I  4  *0 
14  11 

:  *12 


WITH  (1.3040)  ’  D . Digitize  Position* 

WRITE  (1,3040)  * L . Label  At  Position* 

WRITE  (  1,3040)  *S . Segment  Display 

WRITE  (1,3040)  *x . EXIT  To  Plotting  ' 

3040  FORMAT  (/ , T16 , A23 ) 

WRITE  (1,*)  DOW,  DOWN 

3050  WRITE  (1 . * (T:0.a2.A2,A6.A,A)* )  IT  , ERASE , ’ Code :  '  , EELL ,  ' _ ' 

READ  (1,99)  I  code 
CALL  Upper (1  code) 

IF  ( I  code . EQ. 'X* )  CO  TO  5C0 
IF  ( I  code . EQ. ' D* )  CO  TO  3000 
IF  ( I  code . EQ , ’S’)  CO  TO  4000 
IF  ( I  code . NE . ' L  * )  CO  TO  3050 

3060  'WRITE  (1,*)  UP,  ERASE,*  Place  PEN  In  Seal!  *1 ,  *, 

&*  Then  Press  RETURN  ',BELL,*_* 

READ  (1.99)  l code 

IF  ( I  code .NE. *  * )  CO  TO  3060 

WRITE  (PU,*)  *  PU ; SP1 ; * 

CALL  Digi t ize(X.Xcode .Y.Ext ,K) 

3070  WRITE  (1,*)  UP, EXASF.*  X...X-IabeI,  Y...Y-Iabel,  B.Both 
it ’  Q  . .Quit  ?  * .BELL, *_* 

READ  (1,99)  I  code 
CALL  Upper  Cl  code) 

IF  ( Icode. EQ. *  Q* )  CO  TO  30C0 
IF  ( Icode . EQ. * Y* )  CO  TO  3080 

IF  (  (  I  code  NE  .  *  X*  )  .AMD.  (I  code  .  NE .  *  B  *  ) )  CO  TO  .'0~0 
CALL  St r;X. St  ring. 5) 

Text-String  !  String*!-*,  T  «  s  t  *  4  3  And  TITlE+~2 

R— 4  0  1  Are  Reuseable  String  Variables 

DO  WHILE  (Text (K; K) . EQ. *  ’ ) 

R-R-l  !  Find  Start  Of  Trailing  Blanks 

END  DO 

IF  ( Icode  EQ. 'X* )  CO  TO  3110 


3030  IF  i  Y-~  ode  F.Q  E  *  )  THIN 
St  r  1  ng-F.xt 
CO  TO  3d 90 
END  IF 

CAI  L  Str;Y. String ,53 
’09 0  If  .  I  ode  1  O  '  B'  )  THEM 

mu-r-xt1  1  R  '  '.'  *  .  String 

Text-TIT! E<  1  40' 

r:o  to  1 1  so 
END  IF 
Text-String 
3100  R~*0 

DO  WHILE  f  Text  (e  K)  F.Q  ’  *  ) 

K-R-l  *  Find  Start  1 ’ f  Trailing  Blanks 

f  ND  ISO 

If  <  I  rode  EQ  *  0*  *  I  Hi  N 
Text  ( K ♦ I  K ♦ 2, - '  1  * 

R -X  ♦  2 
END  IF 

i m  co  to  ii") 


1  Transfer  To  Vert  iral  I  a  ('*  I  k’.'ij  t  i  ne 


1433  C 

1434  C  . - . . 

1435  C 

1436  C  Display  Secant  Of  Spectrum 

1437  C 

1433  C  - - - 


1439 

1440 

1441 
1443 
14J3 

1  144 

1415 

1446 

1447 
1443 

1449 

1450 
1 45 ' 
U52 
1453 
l->54 
1  *55 
1  456 
14  57 
1453 
.459 

1460 

1461 

1462 

1463 
1  46  * 
1  465 
1  466 
1  467 
1  463 
1  >*  6  9 
14  70 
’  ■>' 

1  i .> 
1  4  1  ,< 
M74 
1  47? 

1  4  : 6 

14  77 
1473 
1479 
I  400 
1  4  3  1 
1  4  '<•  » 
14  3  3 
1  -I  (.4 
M  ’5 
i  4  06 


4CG0  String-1  . na) 

IF  (X node  .  EQ.  ’  W  )  String-  (cm-l)  x  l  C  -  3  * 

WRITE  (1,*)  UP,  FUSE .'  Scan  Rang#:  ‘  ,  ‘A\4 1 N ,  '  t o 1  , WMAX .  * _* 

WRITE  (1,*)  Stt  i rg . DOWN , DOWN 

40 1 3  WRITE  (1 ,*)  UP. ERASE, '  DISPLAY  Range:  ( M 1 N , MAX >  ’  '  , BELL, 

READ  (t .*,£**-4010)  « 1 . W2 
CALL  Order (W1 . W2) 

IF  ( (W1 . LT. WMIN) . OR. (W1 . CT.  WAX) )  CO  TO  4U10 
IF  ((W2.LT.WMIN) . OR . ( W2 . CT . WMAX) )  CO  TO  4010 
IF  'Xcode.FQ. ’ N 1 )  THEN 

START-P0( (WVAX-W2) /STEP)+1 

FIN ISH—R0( FLOAT (ND) -(Wl -SWIM) /STEP) 

CO  7 C  4020 
END  I  r 

STAR;-R0( (T4/WMIM-T4/W1 )/STEP)+l 

FIN'  SH-RO (  FLOAT (ND)  - <  T4/W2-T4/WMAX) /STEP) 

4020  IF  , (Vend*. EQ. 'R' ) .OR. (Ycode. EQ. *T' ))  THEN 
T e  <t-Yst I  ng 

IF  (Ycode.EQ. 'S')  Text-1  '//Ystring 

TI TLE-' Energy  Wavelength  ' //Text ( 1 1 1 5 ) 

CO  TO  4030 
END  IF 

TITLE-' Energy  Wavelength  Absorbance  Ext.Coeff.  (/M/cn) ' 
4030  WRITE  (I.*)  HOME.CLR. '_' 

CALL  Center! TITLE) 

CALL  Line (60) 

L-l 

DO  4050  (-START, FIN* -H 
X-T4/W( J , I ) 

Y-A ( J . I  ) 

IF  ( Code .  F.Q .  '  DS  )  Y-A( 1 , ( ) - A ( 2 , I ) e FACTOR ( 1) /FACTOR ( 2 ) 

WRITE  ( 1 . ♦) 

IF  ((Ycode  EQ. 'A' )  OR, (Ycode  EQ, 1 E' ))  THEN 
WRITE  (1.4060)  X.W(J. I) . Y , Y/T ACTOR ( J ) 

ELSE 

WRITE  (1 .4070)  <  #(J.  I)  ,Y 
(NO  IF 
L-Lel 

IF  ( L . EQ . 1 0 )  THEN 
WRITE  ( I . * )  DOWN 

4040  WRITE  (  1.4030)  FT,  ERASE,  '  Press  RETIRN  to  Continue  .  HFt.L ,  ' 
READ  (  I  ,  d.  )  |  code 
IF  ( I  code . NE . '  1 )  CO  TO  4040 
WRITE  (  I  ,  *)  HCA4E.CLR.  '  _' 

CALL  Center (TITLE) 

CALL  Line (60) 

L-l 
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1487  END  IF 

1438  4050  CONTINUE 

1489  4060  FORMAT  (T9 , F7 . 3 , T2 1 . FT . 2 , T35 , F7 . 4 , T49 , Cl 0 . 4 ) 

1450  4070  FORMAT  (T1 4 , F7 . 3 , T30 , F7 . 2 , T47 . F7 . 2) 

1491  40C0  FORMAT  (T1 0 , A2 , A2 , A25 , A , A) 

1492  WRITE  (1  .*)  DOWN 

1493  4C90  WRITE  (1,4080)  UP, ERASE, ' Press  RETURN  for  MENU  '.BELL 

1494  READ  (1,99)  Icode 

1495  IF  ( 1  code . NE . ’  * )  CO  TO  4090 

1496  CO  TO  3000 

1497  O 

1493  C  . . - . 

1499  C 

1500  C  Exit  Prograa 

1501  C 

1502  C  - - - - 

1503  C 

1504  9000  'WRITE  (l,*)  UP, ERASE. UP 

1505  STOP 

1506  C 

1507  C  . 

1508  C 

1509  C  IEEE-438  Error  Exit 

1510  C 

1511  C  - . . . - . 

1512  C 

1513  9999  WRITE  (1.*)  ’  Error  •* ,N 

1514  STOP 

1515  END 

1516  C 

1517  C  ********* ************  £JJD  OF  MAIN  PROCRAM  **■*  ****■•********+■*■<■*■* 

1513  C 

1519  C  Print  a  TITLE  Centered  In  72  column* 

15  20  C 

1521  C  »■»-»  ;  ***********************  *****  ************  *************  >-*  +  '*■•*■< « 

1522  C 

1523  SUBROUTINE  Cent » r ( T I TLE) 

1524  INTECER  I.J.N 

1525  CHARACTER  T I  TIE  *  7  2 , PLAN K  *  3  6 

15  26  fll^NK-’ 

1527  1-72 

1523  J-0 

1529  DO  WHILE  ( I  CHAR ( T I TLE (1:1))  EG  32) 

1530  J-J*l 

1531  I-72-J 

15  32  END  DO 

1533  N-J/2 

15  34  WRITE  (1.*)  BLANK M  N  >  .  T  I  TLE  Cl!) 

1535  RETURN 

1536  END 
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1537  C 
1 5  3  S  C 

1539  C 

1540  C 

1541  C 

1542  C 

1543  C 

1544 

1545 

1546 

1547 

1548 

1549 

1550 

1551 

1552 

1553 

1554 

1555 

1556 

1557 

1558 

1559 

1560 
1  561 

1562 

1563 

1564 

1565 

1566 

1567 

1568 

1569 

1570 
1  571 
15^2 
1  573 
1574 
157  3 
1  5~6 
1  577 

1578 
15  79 
15  80 
1  581 

1582 

1583 

15  34 

1535 
15  36' 

1  537 


Extinction  Coefficient  Rounding 


SUBROUTINE  Coe f f (E, St r i ng,K) 

INTECER  F.K.M 
REAL  E,S 

CHARACTER* ( * ) S  t  r I ng 
CHARACTER  Mu It *3 
F-0 
S-t  .0 

IF  (E.LT.Q.0)  S— 1.0 
E-ABS(E) 

IF  ((E.NE.0.0) .AND. (E.NE.1.0))  CO  TO  10 
String-'  0.0000’ 

IF  (E.EQ.1.0)  String-’  1.0000’ 
j<-7 

CO  TO  50 

10  IF  ((E. CT. 1.0). AND. (E.LT. 10.0})  THEN 
K-K>  1 
CO  TO  30 
END  IF 

IF  (E.CE.10.0)  CO  TO  20 
DO  WHILE  (E.LT. 1 .0) 

E-E*10.0 
F-F-l 
END  DO 
CO  TO  30 

20  DO  WHILE  (E.CE. 10. 0) 

E-E/10.0 
F-F-l 
END  DO 
30  E-E*S 

CALL  Str(E, String. K) 

40  K-2 

DO  WHILE  (Jtrtng(K:K) . NE . '  ') 

K-K-l 
END  DO 

IF  (F.EO  0)  CO  TO  50 
E-FLOAT ( F) 

CALL  StrfE.Mul t .2) 

IF  Mult (l : 1 ) . EQ. '  ' )  Mult (I : l)-’*' 

4*3 

IE  'Mult (3: 3, .  EQ  '  ’ )  M-2 

St  *!ng(K  K»*4)-’E’//Mult(l  :M) 

K-K*M 
50  RETURN 
END 


1588  C 

1589  C  - - - - - . . . -- 

1590  C 

1591  C  Digitize  Pen  Position 

1592  C 

1593  c  - - - - - - - 

1  5  94  C 

1595  SUBROUTINE  Di g i t i ze ( X , Xcode . Y, Ext . X) 

1596  INTEGER  IX. IY. I Z, J ,X. PU.Xl ,X2 . Y1 . Y2 

1597  REAL  FACTOR ( 2 )  , NUMBER , X54 1 N ,  XMAX ,  YOFF .  YSCALE , X,  Y 

1593  CHARACTER* ( * )  Ext, Xcode 

1599  COMMON  /DIGIT/FACTOR ,  X54IN ,  XMAX,  YOFF,  YSCALE, IX, IY, J.PU.X1 ,X2.Y1 , Y 

1600  URITE  (PU,*>  ’OP;  • 

1601  READ  (PU,*)  X1.Y1.X2.Y2 

1602  WRITE  (PU,*)  'OA; * 

1603  READ  (PU.*)  IX, 1Y, IZ 

1604  X-(XMAX-XMlN)*FLOAT( IX-X1 )/ FLOAT(X2-Xl )+XMIN 

1605  IF  (Xcode. EQ. ’W )  THEN 

1606  X-ANINT(X*1000.0) 

1607  CO  TO  10 

1608  END  IF 

1609  X-ANINT(X*10.0)/10.0 

1610  10  Y-YSCALE*FLOAT ( IY-Y’ )/FLOAT (Y2-Y1 ) -YOFF 

1611  X-4  !  X  -  *  Of  Digits  Precision 

16*2  NUMBER-Y/FACTOR( J) 

1613  CALL  Coef f (NUMBER, Ext ,X)  !  X  -  *  Of  Characters  In  String 

1614  RETURN 

1615  END 

1616  C 

1617  C  . - . - . . . - . 

1618  C 

1619  C  Extinction  Coefficient  Scale  Multiplier 

1620  C 

1621  C  . . 

16  2.'  C 

1623  SUBROUTINE  Exponent ( N , Mu  1 1 ) 

1624  INTEGER  I 

1625  REAL  M.N 

1626  CHARACTER  Strlng*14 

1  62  7  CHARACTER* 1  *  '  Mult 

1623  M-0  0 

1629  N-ABS(N) 

1610  I-INT1N*  51 

16  31  IF  (I  EO.I)  THEN 

1632  Mul t-‘ 1 

1633  CO  TO  20 

1634  rND  IF 

1635  IF  ( 1  CT  1 )  CO  TO  10 

1 6 16  DO  AHIl.E  (I  LT  11 

16  17  N-N  *10.0 

1638  M-M- 1  0 

1)39  1-INTfN*  51 

1640  END  DO 


16^1 

1642 

1643 

1644 

1645 

1646 

1647 
1643 

1649 

1650 

1651 

1652 

1653  C 

1654  C 

1655  C 

1656  C 

1657  C 

1658  C 

1659  C 

1660 
1661 
1662 

1663 

1664 

1665 

1666 

1667 

1668 

1669 

1670 

1671 

1672  C 

1673  C 

1674  C 

1675  C 

1676  C 

1677  C 

1678  C 

1679 

1680 
1681 
1682 

1633 

1634 

1685 

1636 


CALL  S: r (M. St  r ing, 2) 
Mult-' 1 E- ' //S t  r i ng(2  :  3) 
GO  TO  20 

10  DO  WILE  (I.CT.l) 
N-N/10.0 
M-4f*-l  .  0 
l-!NT(N+.5) 

END  DO 

CALL  Str(M. String, 2) 
Mult-'  iE-*-’//String(2:3) 
20  RETURN 
END 


Print  a  line  of  N  characters  (72  columns  max) 


SUBROUTINE  Lln«(N) 

I  NTF.CER  1 ,  N 

CHARACTER  8LANK*72 , DLINE*72 , SPACE*36 
SPACE-* 

BLANK— SPACE//SPACE 

SPACE-' - - - - 

DL1NE— SPACE//SPACE 
IF  (N.CT.72)  N— 72 
l-(72-N)/2 

WRITE  (1,*)  BLANK ( 1 : I } , DLINE( 1 : N) 

RETURN 

END 


Order  MIf',,4AX  Entries  If  Required 


_  IJBROUT I NF  Or-Ur  rMIN.MAX) 
REAL  MIN, VAX. SWAP 
IF  (MIN. LT  MAX)  GO  TO  10 
SWAP-MIN 
MIN— MAX 
MAX-SWAP 
10  RETURN 
END 


1687  C 

1688  C  - . - . . . . . . 

1689  C 

1690  C  Rescale  Data  Array  Between  Absorbance  Ar.d  Transmission 

1691  C 

1692  C  - - - - - - - 

1693  C 

1694  $EMA/ DATA/ 

1695  SUBROUTINE  R#scale(  J  ,  k'.ND) 

1696  INTECER  J ,K,ND 

1697  REAL  A(2, 10C01 ) 

1698  COAWON  /DATA/A 

1699  IF  (K.EQ. 1)  CO  TO  20 

1700  DO  10  1-1 , ND 

1701  A(J, I)-ALOC10(100.0/A(J, 1)) 

1702  10  CONTINUE 

1703  RETURN 

1704  20  DO  30  1-1 , ND 

1705  A(J . 1)-100.0/10.0**(A(J, I) ) 

1706  30  CONTINUE 

1707  RETURN 

1708  END 

1709  C 

1710  C  . 

171  1  C 

1712  C  Convert  Number  To  ASCII  String 

1713  C 

1714  C  . - . 

1715  C 

1716  SUBROUTINE  S  t  r ( VALUE , S  t  r 1 ng , TREC) 

1717  INTECER  ASCI  I . DECPT , I , J , LENSTR , NDICIT , NUMBER , ^REC 

1718  REAL  VALUE 

1719  DOUBLE  PRECISION  DEC  I MAL . FRACT I  ON , TEN 

1  720  CHARACTER  Concat*14,Digit(12), Sign. String* 14 

’721  LOGICAL  INTECER 

1722  C  LOGICAL  TEST 

1723  INTECER-. TRUE. 

1724  C  TEST-. FALSE. 

1725  DECPT -O 

1726  J-0 

1727  TIN-10  0 

1723  SI gn- 1  1 

1729  Ooncat-*  ' 

17  30  C  IF  (TEST)  WRITE  (1.*)  ’  Value  Entered  -  ■.VALU1-. 

1731  IF  (VALUE  LT.O  0)  Sign-'-* 

1732  IF  (VALUE. CO. 0  0)  CO  TO  100 

1733  DECIMAL-ADS (VALUE) 

1734  DO  WHILE  (DfCIMAL  CE  1  0) 

17  3  5  DECIMAL-DEC  1 MAL/TEN 

1 7 ’6  J-J*l 

1  7  37  END  IX) 

1733  DECPT- J 

1  7  3  9  O  IF  ( TEST)  WRITE  (1,*)  '  -  >f  Whole  Digits:  '  .  DL <PT 
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1740  IF  (DECPT. EQ.O)  CO  TO  30 

1741  DC  20  J-l , DECPT 

1742  DECIMAL-DEC I MAL*TEN 

1743  NUMBER- 1  NT (DECIMAL) 

1744  ASCII -NUMBERS  8 

1745  Digi t (J)-CHAR(ASCI I ) 

1746  FRACTION-DECIMAL-NUMBER 

1747  DEC  I MAL-D I  NT  ( FRACT I  ON*TEN**  (  PR£C-i  )  + .  5  )  /TEN**  (  PREC  -  J ) 

1748  20  CONTINUE 

1749  C  IF  (.NOT. TEST)  CO  TO  30 

1750  C  WRITE  (1,*)  *  Th«  Who  I*  Digits  -  \(Digit(I).  1-1, DECPT) 

1751  30  J-DECPT 

1752  C  IF  (TEST)  WRITE  (I,*)  '  Dtciiul  Fraction-  '.DECIMAL 

1753  IF  (DECIMAL. NE. 0. 0). INTECER-. FALSE. 

1754  IF  ( DECPT . CE . 12)  CO  TO  40 

1755  DO  WHILE  (DECIMAL . NE. 0 . 0) 

1756  J-J+l 

1757  DEC I MAL-CEC I MAL*TEN 

1758  NUMBER-IMT(DECIMAL) 

1759  ASCI I-NUMBER+48 

1760  Digit (J)-CHAR(ASCI I ) 

1761  FRACTION— DECIMAL-NUMBER 

1762  DEC  I MAL-0 1  NT  ( FRACT  I  ON*TEX**  ( PREC- J )  ♦ .  5 )  /TEN**  (PREC-)) 

1763  IF  (DECIMAL. EQ. 1 .0)  THEN 

1 7o4  DICIT(J)-CHAR(ASCJ lfl) 

1765  DECIMAL— 0.0 

1766  END  IF 

1767  IF  (J.CE.12)  DEC  I  HAL— 0 . 0 

1768  END  DO 

1769  40  NDICIT-J 

1770  C  IF  (NOT. TEST)  CO  TO  50 

17"M  C  WRITE  (1.*)  '  Th#  Char act  #rs  -  '.(Dlgit(l).  I-l.NDICIT) 

1772  50  IF  (NDICIT.CT. 12)  CO  TO  200 

1773  DO  60  l-t .NDiCIT 

1'  ,4  Co  -  -at (I : I )-Otgi t ( 1 ) 

1775  60  COf-'INDE 

17’6  IF  (lN)ECER)  CO  TO  80 

1-77  IF  ( DECPT . EQ. 0)  CO  TO  '0 

1  -.8  S t  r  i  ng—  S  I  gn//Conc a t  (  1  DECPT) //'  .  ' /,  Concat  i Dti.PT*  1  1  4) 

1  - -  9  RETURN 

1-M0  -0  S t r i ng-S i gn// ’  ‘ //C>ncat 

1781  RETURN 

1782  80  St r I ng-S I gn//Conc at 

1783  RETURN 

1784  100  String—’  0.0' 

1785  RETURN 

l?8o  200  WRITE  (1,*)  '  Error  in  <^ata:  (too  many  <it$ft«'>‘ 

1-87  STOP 

1-88  f  J8D 


1789  C 

1790  C 

1791  C 

1792  C 

1793  C 

1794  C 

1795  C 
17  96 

1797 

1798 

1799 
1S00 
1801 
1802 
1303 
1804 
1305 


Convert  String  Entry  To  Uppercase  If  Required 


SUBROUTINE  Upper(Code) 

INTEGER  LENSTR.N 
G1ARAC7 ER* ( * )  Code 
LENSTR-LEN( Code) 

DO  10  1-1 , LENSTR 
N- 1  CHAR ( Code ( I : ! )) 

IF  (N.CT.96)  Coded  :  I )-CHAR(N-32) 
10  CONTINUE 
RETURN 
END 


63 


1806 

1807 

1808 
18G9 
1810 
1811 
1812 

1813 

1814 

1815 

1816 

1817 

1818 

1819 

1820 
1821 
1822 

1823 

1824 
1325 
1826 
1827 
1328 

1829 

1830 

1831 

1832 
1333 
1  334 
1335 
1836 
1337 
1333 
1339 
1840 
1341 
1  342 
1343 
1  344 
1345 
1  346 
1347 
1848 

1349 

1350 

1351 
135  2 
1353 


Convert  ASCII  String  To  Numeric  Value  (10  Digits  Max 'ml 


SUBROUTINE  Val (String, VALUE) 

1 NTECER  DECPT , EXPON , LENSTR , N , NUM ( 1 0 ) 

REAL  VALUE 

DOUBLE  PRECISION  MULT , S ICN , TEN , DECIMAL 

CHARACTER  Ascii 

CHARACTER* ( * )  String 

LOGICAL  INTEGER 

LOGICAL  TEST 

I NTECER-. TRUE. 

TEST-. FALSE. 

J-l 
K— O 

DECPT— O 

SICN-1 .0 

TEN-10.0 

DECIMAL-0.0 

LENSTR-LEN(Scrfng) 

IF  (TEST)  WRITE  (l.»)  ’  String  Number  -  ’.String 
IF  (TEST)  WRITE  (1,*)  *  String  Length  , LEiSTR 
DO  100  1-1 .LENSTR 
*sc i I -St  r i ng(  l  :  I ) 

N— ICHAR(Asc i  i ) 

IF  ((N.CE.48) .AND. (N.LE.57))  CO  TO  20 
IF  (N.EQ.46)  I NTECER-. FALSE. 

IF  (N.EQ.46)  DECPT-K 
IF  (N.EQ.45)  SICN— I  .0 


IF  (N.EQ.46)  DECPT-K 
IF  (N.EQ.45)  SICN— I  .0 
CO  TO  100 
20  NUM(J)— N-48 
K-J 
J- J  +  l 

100  CONTINUE 

IF  ( (DECPT. EQ. 0) .AND. ( INTECER) )  DECPT-K 
DO  200  J-l .K 
EXPON-OECPT-J 
MULT-TEN** EXPON 
DEC  I MAL-OEC I MAL+NIM( J ) *MULT 
200  CONTINUE 

VALUF.-SICN*DECIMAL 

IF  (TEST)  WRITE  (1.*)  '  Value  -’.VALUE 

RETURN 

END 
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1  354  C 
1355  C 
1856  C 
1357  C 
1  358  C 

1859  C 

1 860  C 

1861 
1862 

1863 

1864 
1365 
1866 
1867 
1368 

1869 

1870  C 

1871 

1872 
1373 

1874 

1875 

1876 

1877 

1878 

1879 

1880  C 

1881 
1882 
1383 

1884 

1885 
1386  C 
1837 
1888 

1889 

1890 

1891 

1892 

1893 
1394 
1895 
1396 
1897 
1398 
1899 


Set  X-axis  Plotting  Parameters 


SUBROUTINE  Xaxis(XL,XH) 

REAL  LM1N  ,  LMAX ,  WN ,  WX.Xt  i ck  ,  FXT ,  LXT  , Xl abe  1  ,  FXL, LXL , XH ,  XL , XS ( 17) 
COMMON  /XPARAM/LMIN  ,  LMAX , WN , WX.Yt  i ck  ,  EXT ,  LXT, XI abe  1  ,  FXL,  LXL 
DATA  (XS(I) , 1-1 , 17)/  05, . 1 , , 2. .25,  .5.1. .2. ,2.5.5. ,10. ,20. ,25. , 
&50. , 100. ,200. ,250. ,500./ 

LMIN— XL  !  Set  Limits  To  X-scale  Range 

LMAX-XH  !  Defined  By  XL , XH  Arguments 

WN-XL 
WX-XH 


Xt ick-0. 1*(XH-XL)  !  Set  Xtick  To  1/10  X-scale 

IF  ((Xt lck. LT.XS(2)) .OR. (Xtick. CT.XS(17)))  THEN 

FXT-XL+Xt lck  !  Test  For  Xtick  Outside  The 

LXT-XH-Xtlck  !  Preferred  Interval  Range 

Xl aba  1— Xt i ck 
FXL- FXT 
LXL- LXT 

CO  TO  10  !  Use  Default  1/10  Interval 

END  IF 


I-l 

DO  WHILE  (Xt ick.CT.XS( I ) ) 
I-l  +  l 
END  DO 

Xt 1 ck-XS ( I  - 1 ) 


FXT-Xt  ick'*AINT(XL/Xt  ick)+Xt  ick  ! 
LXT-Xt I ck*A I NT(XH/Xt lck)  ! 

IF  (ABS(XH-LXT) .LT.0.01)  THEN 
LXT-LXT-Xt ick  ! 

END  IF 

XI abe 1-Xt l ck*2 . 0  ! 

FXL-X labe I  * A I  NT ( XL/X 1 abe 1 ) + X I  a be  1 
LXL-X1 abe l *A I  NT (XH/X1 abe 1 )  ! 

IF  (ABS(XH-LXL) .LT.0.01)  THEN 
LXL- LXL  -  X 1  a  be  1  ' 

END  IF 
10  RETURN 
END 


Compere  1/10  Scale  Xtick  Value 
To  Find  The  Nearest  Preferred 
Interval  <  1/10  Of  X-scale 

Truncate  ->  FXT  <-  XL  (+Xtick) 

Truncate  ->  LXT  <-  XH 

Decrement  If  LXT  -  XH 

Truncate  ->  FXL  <-  XL  (rXlabel) 

Truncate  ->  LXL  <-  XH 

Decrement  If  LXL  -  XH 
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Set  Y-axis  Plotting  Parameters 


1900  C 

1901  C 

1902  C 

1903  C 

1904  C 

1905  C 

1906  C 

1907  SUBROUTINE  Yax is (YSCALE, Ycode) 

1908  REAL  Yt i ck, FYT , LYT , Ylaoe 1 , FYL, LYL , YSCALE , YS ( 17) 

1909  CHARACTER  Ycode 

1910  COMMON  /YPARAM/Yt ick, FYT, LYT, Y label , FYL, LYL 

1911  DATA  (YS ( I ) , 1-1 , 17)/. 0005, .001 , . 002 , . 005 , . 01 . . 02 , . 05 ,  .  1 ,  .  ? ,  .  5  , 

1912  41. ,2. ,5. ,10. ,20. .50. .100./ 

1913  Yt ick-0. 1*YSCALE 

1914  IF  ((Yt ick.LT.YS(2)) .OR. (Yt ick. CT . YS( 17) ) .OR. (Ycode .EQ. 'E' ) )  THEN 

1915  FYT-Ytick 

1916  LYT-YSCAL£-Yt ick 

1917  Ylabel-Ytlck 

1918  FYL- FYT 

1919  LYL-LYT 

1920  CO  TO  10 

1921  END  IF 

1922  C  . 

1923  1-1 

1924  DO  WHILE  (Yt Ick.CT.YS( I ) )  !  Compare  1/10  Scale  Ytick  Value 

1925  I-I+l  !  To  Find  The  Nearest  Preferred 

1926  END  DO  !  Interval  <  1/10  YSCALE 

1927  Yt lck-YS(I-l) 

1928  FYT-Ytlck 

1929  LYT-Yt i ck*A INT( YSCALE/Yt Ick)  !  Truncate  ->  LYT  <-  YSCALE 

1930  IF  ( ABS (YSCALE-LYT) . LT. IE-4)  THEN  !  Decrement  I f  LYT  -  YS 

1931  LYT-LYT-Yt Ick 

1932  END  IF 

1933  Y1 abe 1-Yt ick*2 . 0 

1934  FYL-Yl abe 1 

1935  LYL-Y1 abe 1 *A I NT(YSCALE/Y! abe I )  !  Truncate  ->  LYL  <-  YSCALE 

1936  IF  (ABS (YSCALE -LYL) . LT. IE -4)  THEN  !  Decrement  If  LYL  -  YSCALE 

1937  LYL-LYL-Y label 

1938  END  IF 

1939  10  RETURN 

1940  END 


Wait  Specified  Delay  (sec) 


I 

|  1941  C 

I  1942  C 

1943  C 
t  1944  C 

|  1945  C 

1946  C 

1947  C 

1948 

1949 

1950 

1951 

1952 

1953 

I  1954 

I  1955 

1956 

1957  C 

1958  C 

1959  C 

1960  C 

I  1961  C 

'  1962  C 

1963  C 
|  1964  C 

I  1965  C 

1966 

|  1967 

[  1968 

1969 

1970 

1971 

1972 

1973 


SUBROUTINE  Wait (DELAY) 

REAL  DEL*.Y , PERIOD, Tzero .Time 

PERIOD-O.O 

Tzero-Time( 1 ) 

DO  WHILE  (PERIOD.LT. DELAY) 
PERIOD-Time( I ) -Tzero 
END  DO 
RETURN 
END 


Read  Time  (sec)  from  the  HP  1000' s  RTE-6  Operating  System 
Note:  I  is  a  dummy  argument,  no  values  are  passed 


REAL  FUNCTION  Time( I) 

INTECER  I CODE, 1T1ME(5) 

I  CODE-11 

CALL  FXEC( I  CODE , 1TIME) 

T i me— FLOAT ( ITIME( 1 ) ) /I 00 . O+FLOAT ( I TIME( 2) )+FLOAT ( I T IME ( 3 ) ) *60 . 0 
&+ FLOAT ( IT! ME (4) ) *3600 . 0 
•  RETURN 
END 
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Appendix  || 

Sample  Plots 

a 

i 

i 

a 

a 
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a 
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a 
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Example  Of  Ext.  Coeff.  vs  Energy  Plot 


mp  ] 
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